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IAbstract
ABSTRACT
This study investigates the electrochemical oxidation of phenol. Phenol is a major toxin
and water pollutant. In addition, during water treatment it reacts with chlorine to produce
carcinogenic chlorophenols. lts treatment down to trace levels is therefore of increasing
concern.
For this purpose, dynamically stable anodes for the breakdown of phenols to carbon
dioxide or other less harmful substances were developed and characterized. The anodes
were prepared from mixed oxides of tin (Sn) and the precious metals ruthenium (Ru),
tantalum (Ta) and iridium (Ir), which in tum were prepared using sol-gel techniques. This
involved dip-coating the aqueous salts of the respective metals onto titanium substrates
and heating to temperatures of several hundreds of degree Celsius.
The properties of these mixed oxide thin films were investigated and characterized using
thermal gravimetric analysis (TGA), scanning electron microscopy (SEM), atomic force
microscopy (AFM), elemental dispersive energy X-ray analysis (EDX), X-ray diffraction
(XRD), Rutherford backscattering spectrometry (RBS), particle induced X-ray emission
(PIXE) and electrochemical measurements.
A variety of different electrode materials including Til Sn02-Ru02-Ir02, Ti/Ta20s-Ir02
and Ti/RhOx-Ir02 were developed and tested for their potential as oxidation catalysts for
organic pollutants in wastewaters. Depending on the anode type, phenol was found to be
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electrochemically degraded, to different extents, on these surfaces during electrolysis. It
was however found that the oxidation rate not only depended on the chemical
composition but also on the oxide morphology revealed, resulting from the preparation
procedure. The Ti/SnOz-Ru02-Ir02 film was found to be the most efficient surface for the
electrolytic breakdown of phenol. This film oxidized phenol at a potential of 200 mV vs
Ag/AgC!.
The activity of the catalytic systems was evaluated both on the basis of phenol removal
efficiency as well as the kinetics of these reactions. Phenol removal efficiency was more
than 90% for all the film surfaces prepared and the rate of the reaction followed first
order kinetics. A pathway for the electrochemical degradation of phenol was derived
using techniques such as HPLC to identify the breakdown products. These pathway
products included the formation of benzoquinone and the further oxidation of
benzoquinone to the carboxylic acids malic, malonic and oxalic.
Abstract
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OPSOMMING
Abstract
Die onderwerp van hierdie studie is die elektrochemiese oksidasie van fenol deur nuwe
gemengde-oksied elektrodes. Fenol is 'n belangrike gifstof en besoedelingsmiddel in
water. Daarbenewens kan fenolook met chloor reageer tydens waterbehandeling om
sodoende karsinogeniese chlorofenole te vorm. Dit is dus belangrik dat metodes
ondersoek word wat die konsentrasie van fenol in water verminder.
Hierdie studie behels die bereiding en karakterisering van nuwe dinamiese stabiele
anodes (DSA) vir die afbreek van fenol tot koolstofdioksied en ander minder gevaarlike
verbindings. Hierdie nuwe anodes is berei vanaf die gemengde-okside van die edelmetale
tin (Sn), ruthenium (Ru), tantalum (Ta) en iridium (Ir), met behulp van sol-gel tegnieke.
Die finale stap in die bereiding behels kalsinering van die oksides by temperature van "n
paar honderd grade Celsius. Hierdie nuwe elektrodes is later gebruik om die oksidasie
van fenol te evalueer.
Die gemengde-oksied dunlae/anodes IS d.m.v. die volgende analitiesetegnieke
gekarakteriseer: termiese-gravimetriese analise (TGA), skandeerelektronmikroskopie
(SEM), atoomkragmikroskopie (AFM), elementverstrooiingsenergie- X-straalanalise
(EDX), X-straaldiffraksie (XRD), Rutherford terug-verstrooiingspektroskopie (RBS),
partikel-geinduseerde X-straal emissie (PIXE), en elektrochemiese metings.
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'n Verskeidenheid elektrodes van verskillende materiale is berei en hul potensiaal as
oksidasie-kataliste vir organiese besoedelingsmiddels in afloopwater bepaal. Hierdie
elektrodes het die volgende ingesluit: Ti/Sn02-Ru02-Ir02, Ti/Ta20s-Ir02 en Ti/RhOx-Ir02.
Gedurende elektrolise is fenol elektrochemies afgebreek tot verskillende vlakke,
afhangende van die tipe elektrode. Die oksidasietempo het egter nie alleen van die
chemiese samestelling van die elektrode afgehang nie, maar ook van die morfologie van
die okside, wat op hulle beurt van die voorbereidingsprosedure afgehang het.
Daar is bevind dat die Ti/Sn02-Ru02-Ir02 elektrode die mees effektiewe oppervlakke vir
die afbreek van fenol is. Hier het die oksidasie van fenol by 'n potensiaal van 200 mV
plaasgevind.
Die aktiwiteite van die katalitiese sisteme IS bepaal op grond van hulle
fenolverwyderingsdoeltreffendheid. Die kinetika van die reaksies is ook bepaal. Al die
elektrodes het >90% fenolverwyderingsdoeltreffendheid getoon en die reaksietempos was
van die eerste-orde.
Deur van analitiese tegnieke soos hoëdrukvloeistofchromatografie (HPLC) gebruik te
maak is die afbreekprodukte van fenol geïdentifiseer en 'n skema vir die elektrochemiese
afbreek van fenol uitgewerk. Daar is bevind dat bensokinoon gevorm het, wat later
oksidasie ondergaan het om karboksielsure te vorm.
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1 Chapter 1
1General introduction
1.1 Environmental Electrochemistry
For decades, electrochemical technology has contributed successfully to environmental
protection. Examples include the generation of energy using batteries and fuel cells [1],
selective synthesis of organic chemicals [2], removal of impurities from process air,
liquids and soil, recycling of process streams and development of sensors. Environmental
electrochemistry is capable of making even greater contributions in future by the
application and improvement of existing technologies, and the research, development and
implementation of new technologies [3].
The applications of electrochemistry for the protection of the environment have already
been the topic of many books and reviews [4-6]. Environmental electrochemistry
involves electrochemical techniques or methods that can be used to remove impurities
from gases, liquids and soil in order to prevent or to minimise environmental pollution. It
is particularly emissions to the atmosphere, discharges of pollutants into waters and the
disposal of solids to land sites that have to be minimised. The best way to tackle pollution
problems is at their source, namely, the main processes in the chemical and related
industries.
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1.2What is electrochemistry?
Electrochemistry is a link between physical chemistry and electronic science. It has
proved to be a clean, versatile and powerful tool for the development of new advanced
methods for water purification [7-10]. Electrochemistry, as a branch of physical
chemistry, plays an important role in most areas of science and technology. Furthermore,
it is increasingly acknowledged as a significant means of handling environmental and
energy problems facing mankind today, and in the near future [11].
A key feature of dynamic electrochemistry is that the current response is governed by the
flux of reactants at the electrode/solution interface, which is a direct measure of the
interfacial reaction rate. There are innumerable voltammetric techniques in which mass
transport is controllable and calculable. Simple methods such as linear sweep and cyclic
voltammetry in quiescent solution result in well-defined diffusion fields adjacent to the
working electrode [12].
1.3 The development of electrochemistry
Electrochemistry, now a mature and distinguished science, has undergone tremendous
transformations during the last three decades. The transformation of electrochemistry into
a modem and interdisciplinary science integrates the measurements of current, or
potential, with modem spectroscopic, diffraction and imagmg techniques.
Electrochemical science is now able to provide molecular-level descriptions of charge or
potential-driven phenomena.
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A few developments have revolutionarized electrochemistry: (1) sample miniaturization,
(2) availability of modern spectroscopic techniques, (3) development of scanning probe
microscopies (SPM), such as scanning tunnelling microscopy (STM) and atomic force
microscopy (AFM) and (4) progress in scientific instrumentation that allows nanosecond
time gating and the measurement of current in the pico ampere range.
Electrode reactions are heterogeneous processes and their rates and mechanisms depend
on the structure and composition of the electrode-solution interface [12]. The interfacial
phenomena at the electrified solid-solution interface are the objectives of study in surface
electrochemistry. Electrochemistry provides surface science with a 'joystick' that can be
used to force ions and molecules to adsorb or desorb, to form ordered or disordered
layers, change their surface orientation, spread them into a uniform film or group them
together into surface aggregates.
Surface electrochemistry makes significant inroads into other disciplines such as material
science, surface science, etc. The methodological progress has spawned new disciplines
such as electrochemical nano-technology. One interesting development In
electrochemical nano-technology is the demonstration that nano-wires may be used as
electrochemical sensors [13].
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There are many other important areas of electrochemistry that are in the process of
methodological and scientific changes. They include dramatic progress in batteries and
fuel cell research, solar energy conversion, development of sensors, biosensors and
molecular recognition devices [13].
Environmental and ecological demands have given birth to the relatively new branch of
environmental electrochemistry with the promise of rapid growth in pollution control.
Typical subject areas are the electrochemical oxidation of organic compounds in water,
pollutant sensors, photo electrochemical/semiconductor techniques, magnetic field
effects, etc.
On the map of science, electrochemistry is located at the crossroad of many disciplines.
The knowledge gained from electrochemical studies is relevant to other fields such as
analytical chemistry, energy storage and conversion, biology and medicine, material
science and microelectronics [13].
1.4 Why the use of mixed metal oxides as thin films?
Metal oxides constitute a diverse and fascinating class of materials whose properties
range from those of metals to semi-conductors and insulators. Binary oxides contain a
metal and oxygen, as in Ti02 or Fe203.The range of such compounds is quite large, but is
extended even further by considering ternary and yet more complex compounds, where
additional metallic elements are present [14-16].
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During the 1960s investigators in the field of electrochemistry began to turn their
attention from Pt coated anodes to the oxides of Pt group metals [10]. One of the unique
properties of many of the oxides of these metals is their ability to show near metallic
conductivities. As research progressed, it was found that mixtures of these metal oxides
showed even more unique properties with regard to electrochemical requirements, such
as potential and low consumption rate. The term mixed metal oxide became a by-word
when referring to this technology [17].
Transition metal oxides, owing to their ability to switch between different valence states,
possess appreciable catalytic and electrocatalytic activity, which make them versatile
materials for chemical and electrochemical reactions [17]. For the same reasons, these
oxides exhibit remarkable stability toward chemical and electrochemical attack under
appropriate conditions [17]. The term 'insoluble oxide electrodes' is often used when
referring to these properties. But the term most well known for describing activated oxide
electrodes is DSA (dimensionally stable anodes), related to the origins of the introduction
into the electrochemical field [17].
Physically, the mixed metal oxides referred to above have little strength or structural
integrity of their own. In order for them to be useful, they must reside on a suitable metal
substrate [18]. Earlier technology had shown "film forming metals" such as titanium to
be an ideal candidate as a base for the mixed metal oxides [4].
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A thin, tightly adherent oxide film naturally protects pure titanium, which is acid tolerant
and resistant to the passage of current in the anode direction. Expressing this differently,
in order for titanium to behave as an anode, considerable applied voltage is required on
its surface in order for it to pass a significant amount of current. This property has earned
titanium the title as one of the "electrochemical valve metals" [10].
Some of the oxides of ruthenium, iridium, tantalum, etc. have the ability to form a solid
solution with the oxide film on titanium and render it conductive [10, 19-20]. Composite
anodes which consist of an inert conductive oxide coating on a "valve metal" titanium
base can be formed. The electrochemical characteristics of such an anode rest within the
mixed metal oxide coating and the anode strength resides within the titanium substrate.
An advantage of using titanium as a coating base for the mixed metal oxides is its "self
healing" property. If there is a defect in the conductive coating, then the valve metal
immediately forms its protective oxide over the exposed area. Current from the anode
continues to come from the surface covered by the mixed metal coating.
The mixed oxides are formed by spraying, brushing or dip coating aqueous salts of the
metals on the titanium substrate and then heating the titanium to temperatures of several
hundreds of degrees Celsius [4]. The metal oxide electrodes are sometimes referred to as
dynamically stable anodes (DSA).
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1.5 Some advantages of electrochemical processes
These include:
• Versatility - direct or indirect oxidation and reduction, phase separation,
concentration or dilution, biocide functionality, applicability to a variety of media
and pollutants in gases, liquids and solids, and treatment of small to large volumes
from micro litres up to millions of litres.
• Energy efficiency - electrochemical processes generally have lower temperature
requirements than their equivalent non-electrochemical counterparts, for example,
thermal incineration. Electrodes and cells can be designed to minimise power
losses caused by inhomogeneous current distribution, voltage drop and side
reactions.
• Amenability to automation - the system inherent variables of electrochemical
processes, for example, electrode potential and cell current, are particularly
suitable for facilitating process automation.
• Cost effectiveness - cell constructions and peripheral equipment IS generally
simple and, ifproperly designed, also inexpensive.
Despite these advantages, electrochemical processes are of a heterogeneous nature, which
means that the reactions take place at the interface of an electrode and the electrolyte.
This implies that the performance of the electrochemical processes may suffer from
limitations of mass transfer and the size of the specific electrode area. Another crucial
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point is the chemical stability of the cell components in contact with an aggressive
medium and in particular the long term stability and activity of the electrode material.
1.6 Motivation for the research
The growth of numerous industries has resulted in an increase in the volume of industrial
wastewater discharged and in the kinds of chemical substances entering water supplies.
Many industrial wastewater streams, for example those from petrochemical refineries,
and pulp and paper mills, contain toxic organic compounds such as phenols and
quinones, and their treatment down to trace levels of pollutants is of increasing concern
[21].
There are several methods for treating wastewater containing orgamc pollutants,
including incineration, adsorption, biological treatment and chemical and electrochemical
oxidation [7]. The choice of treatment depends on the economics as well as ease of
process control, reliability and treatment efficiency [22].
Biological methods, widely applied to many types of wastewaters, are generally
impractical or do not provide the necessary quality of treatment for wastes containing
bio-resistant substances. Therefore, in recent years, combined treatment methods have
been increasingly used; particularly physio-chemical treatment with subsequent
biological treatment, and physio-chemical processes employed as tertiary treatment after
biological treatment.
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Physio-chemical treatment processes with chemical addition often involves the use of
high chemical doses and causes the secondary pollution of liquids, that is, an increase in
salt concentration. In recent years, wastewater treatment without the addition of
chemicals has become popular [9, 21-22]. Therefore, the development and the
implementation of electrochemical methods is an advanced trend in the technology of
wastewater treatment [23]. Electrochemical methods usually do not lead to an increase in
the salt content of treated effluent and, in many cases, eliminate sludge formation or
substantially reduce the volume of sludge.
The use of high oxygen overvoltage anodes for the direct oxidation of refractory organic
chemicals, and for the generation of strong oxidants such as ozone, is of great potential
value in wastewater treatment. However, an adverse effect of utilizing an electrochemical
oxidation approach is the low ionic conductivity of many types of wastewaters. The
electrochemical method for wastewater treatment has attracted a great deal of attention
recently [8, 9, 22, 24], mainly because of the ease of control and increased efficiencies
provided by the use of compact bipolar electrochemical reactors and by the large surface
area of three-dimensional electrodes.
In this study an electrochemical oxidation or combustion of phenol, which is often used
as a standard contaminant of hazardous organic compounds in water, is investigated.
Phenol is listed as a priority pollutant by most of the environmental protection agencies
and is considered to be one of the major water pollutants that need to be recovered,
removed or destroyed [25]. It reacts with chlorine during water treatment and produces
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chlorophenols, which are carcinogenic. Even at low concentrations, phenol causes the
taste and odour of fish, and it has deleterious effects on bacteria, algae, mammals and
human beings [26-27].
1.7 Objectives
The main objective of this study is to develop and characterize dynamically stable anodes
that could be applied to break down phenol to carbon dioxide or to other less harmful
substances/compounds. The metal oxide surfaces will be prepared by using sol-gel
technique. The techniques that will be used for characterization are:
>- Scanning electron microscope (SEM)
>- Atomic force microscopy (AFM)
>- Energy dispersive X-ray analysis (EDX)
>- X-ray diffraction (XRD)
>- Rutherford backscattering spectrometry (RBS)
>- Particle induced X ray emission (PIXE) and
>- Electrochemical measurements
Although this process was demonstrated before [7, 11, 25, 27-28], there is still
considerable controversy about the reaction mechanism of this anodic oxidation process
[26]. Furthermore, the development of non-toxic anode materials, as well as anodes
exhibiting good efficiencies for the oxidation of organic compounds down to low
concentration, is needed. Currently, promising materials are doped tin oxide and doped
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lead oxide as thin films on titanium, which seem to allow the complete oxidation of many
organics [7, 23]. They are however prone to fouling due to the presence of the
intermediate degradation products formed. Stability of these electrodes over a long period
has also not been proven conclusively.
1.8 Project outline
The project is outlined in such a way that it gives an introduction on environmental
electrochemistry, the definition of electrochemistry, its development today and the
potential applications thereof. The use of mixed metal oxides as thin films electrodes is
explained. To achieve the objectives of this study, there were several tasks that had to be
undertaken.
Firstly, the preparation of mixed metal oxide thin film electrodes by sol-gel technique is
outlined. Secondly, the techniques used to characterize these thin film electrodes were
also outlined. These include:
);> SEM, AFM and EDX for the morphology and physical properties of the thin
films.
);> RBS and PIXE to determine the surface properties.
);> TGA, XRD, CV, RDE and bulk electrolysis were used to determine the bulk
properties.
The layout of the thesis comprises of:
Chapter 1 which gives the general introduction to the study.
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Chapter 2
Chapter 3
Chapter 4
Chapter 5
Chapter 6
Chapter 7
Chapter 8
Chapter 9
12 Chapter 1
which deals with the theoretical background of the techniques used
in this project.
that deals with the technical aspects of the experimental methods.
which gives the preparation, characterization and electrochemical
evaluation of the TilSn02-Ru02-Ir02 thin films as electrode
materials for the oxidation of phenol.
which deals with the preparation, characterization and
electrochemical evaluation of the binary electrode Ti/Ta205-Ir02
for the oxidation of phenol.
which deals with the preparation, characterization and
electrochemical evaluation of the Ti/RhOx-lr02 electrode for the
oxidation of phenol.
that gives a further mechanistic study of these mixed metal oxides
surfaces using rotating disk electrodes.
that deals with the degradation of phenol by bulk electrolysis in a
batch system using mixed metal oxide electrodes.
which deals with the conclusions and recommendations for further
study.
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~ Background
2.1 Background information
The laboratory for electrochemistry at Stellenbosch University has been investigating the
preparation and characterization of mixed metal oxides for some time. Earlier work
concentrated on the preparation of mixed metal titannates [1,2]. Lately, the laboratory is
concentrating on the preparation of mixed metal stannates for oxidative degradation of
organic compounds. This involved the preparation of Sb Sn02 [3] and Sn Zr02, Mn Sn02
and Pd Sn02 [4]. Whilst the previous work demonstrated limited degradation of phenol it
compared well with the Pb02 and Pt02 electrodes currently used.
For this project, precious metal oxides were considered for electrochemical evaluation.
Whilst the lr02 and RU02 electrodes are well known for oxygen evolution reactions, the
combination of the mixed metal oxides that were studied and their oxidative application
on organic compounds at these surfaces have not been investigated. The studied electrode
surfaces were Ti/Sn02-Ru02-Ir02, Ti/Ta20s-Ir02 and Ti/RhOx-lr02.
Generally, the oxidation of phenolic compounds produces unstable phenoxy radicals that
can be further oxidized to quinones or can react to form dimers, which readily polymerize
into polyaromatic compounds [5, 6]. The phenoxy radicals can interact with each other or
with other phenol monomers to give rise to a strongly adherent insulating film that
passivates the surface of the working electrode [7].
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The latter property has been used for the protective coating of metals in order to solve the
problems of corrosion. At the same time intensive studies have been performed in order
to protect the electrode surface against passivation or even to remove this adherent
polymer film [8, 9]. These processes are important for the treatment of phenolic effluents
and have a direct impact on environmental protection.
Numerous treatment techniques have been developed to overcome the problem of surface
fouling, particularly in wastewater [5-7]. These include biological, chemical or
electrochemical treatment, none of which have completely solved the problems related to
this unwanted phenomenon. The electrochemical treatment of the electrode surface has
been shown to reduce fouling. For instance, the use of higher applied potentials combined
with a lower initial concentration of phenol in acid medium was shown to reduce
electrode fouling and increase the amount of oxidized phenol [8].
As a consequence of surface fouling, the activity of noble metal electrodes is shown to be
short lived. Platinum is one of the most widely used electrodes in electrochemical
applications. It is generally recognized that the oxidation of phenol and other phenolic
compounds always produce a very rapid decrease in the oxidation peak during cyclic
voltammetry after only the first scan. This step is believed to generate a rapid passivation
of the Pt electrode [10].
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However, the electrochemistry of phenol is complex and versatile. Depending on
electrode pretreatment and experimental conditions, the reaction mechanisms involve
electro-oxidation, polymerization or combustion of phenol.
Electrochemical oxidation of organic compounds to CO2 can be an effective method of
wastewater treatment for industrial effluents. Electrodes used for such applications
should ideally exhibit high current efficiency towards organic oxidative incineration in
order to be economically attractive for this purpose. They must also withstand the
concomitantly harsh electrochemical environment.
2.2 Preparation of mixed metal oxides electrodes
There are a variety of methods available for coating the catalyst supports to obtain
dynamically stable anodes or electrodes. These include methods of film preparation such
as chemical vapour deposition, reactive sputtering, spray pyrolysis and sol-gel dip-
coating [11].
One of the pre-requisites of electro catalysis is a large working surface area [12, 13]. The
so-called sol-gel technique was therefore the method of choice that was used in this
investigation to prepare oxides for electro catalysis using Ti as a substrate [14]. The dip-
coating method has further proved to be well suited for the preparation of defect-free
films [14]. This method has major advantages, which include: starting materials of high
purity, ease of coating oflarge and complex shaped substrates and low cost [15, 16].
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The surface of the substrate was pre-treated prior to coating for the fabrication of the
anodes. Metal oxides can be prepared in various ways, but the most widely used
procedure is by the thermal decomposition of appropriate precursors dissolved in suitable
solvents and spreading on a Ti support. The nature of the precursor and the temperature
of calcination appear to be the primary factors influencing the properties of the resulting
oxides [14].
The sol-gel process
Sol-gel chemistry is a versatile tool for the preparation and understanding of catalytic
materials. The large variety of synthetic parameters provides control over the structural
and chemical properties of catalysts. Sol-gel synthesis offers better control over pore
volume, surface area, porosity, and pore size distribution [14]. The process can also
facilitate multi-element systems in a single step. It provides a new approach to the
preparation of catalysts, membranes, thin layers (catalytic films), etc.
Starting from molecular precursors, an oxide network is obtained by the hydrolysis-poly-
condensation of alkoxides. The solution chemistry of the alkoxides is investigated; the
precursors are commercially available and used in most studies [16]. Sol-gel synthesis
involves the formation of a sol, followed by the formation of a gel. A gel is a diphasie
material with a solid encapsulating a liquid. These polymerised alkoxides are dried to
remove the encapsulated liquid, leaving a porous network [11]. The external surface of
the sol-gel catalyst is relatively small compared to the internal surface. Thus, sufficient
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diffusion of molecules through the pores of active catalyst centres is crucial and requires
a proper design of the pore structure [17].
Sol gel chemistry is based on the hydrolysis of a precursor and the condensation of
partially hydrolysed species to form a three-dimensional network. These two reactions
can be presented as:
Hydrolysis: -----'.....M-OH + R-OH
Condensation: -M-OH + R-M -- .....M-O-M + R-OH
(2.1)
Although reaction 2.1 is a reduced presentation, the complexity thereof makes its
simplification necessary. The basic premise is that the sol-gel product depends on the
relative rates of hydrolysis and condensation. Controlling these rates can change the
characteristics of the product for specific applications. Factors that can also be varied
include the acid and water content, the type of solvent precursor, the concentration and
temperature.
Dopants are added to a variety of metal oxides in order to modify their properties. In
some cases the aim is to create or enhance desirable properties, while in others it is to
eliminate or reduce undesirable effects [18]. It is important to recognize that many oxides
have useful properties only because of their naturally occurring impurity contents. It will
be assumed that oxygen is the only volatile species in the systems under consideration,
and that thermodynamic equilibrium involves only equilibration with the ambient oxygen
activity. Thus, the cationic concentrations are fixed once the solid solution has been
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established, and this may result in super saturation of the dopant concentration at lower
temperatures. The effect of dopants on the elemental semiconductors is simple and well
understood.
For example, when phosphorus, with its five valence electrons, is substituted for silicon,
which has only four, the phosphorus replicates the bonding of the silicon and then has
one electron left. This 'extra' electron is only weakly bound to the impurity centre and is
thus able to contribute to conduction at normal ambient temperatures. The doping of
compounds is somewhat more complex [18].
There are several formal routes that can be taken from the starting point of a host oxide
and a dopant oxide to reach the final solid solution and its modified properties. One
particularly useful route is to consider the solution of one stoichiometric binary oxide into
the lattice of another stoichiometric binary oxide, without loss or gain of oxygen. The
resulting single-phase solid solution can be described as a stoichiometric solid solution.
Dopant cations are classified as acceptor centres if their charge is less than that of the
cation they replace, and donor centres if they have a greater charge. These labels
recognize the fact that the lattice defect that constitutes an acceptor centre can be replaced
by holes under oxidizing conditions. The electrons under reducing conditions can replace
the lattice defect that compensates for the excess positive charge of a donor centre.
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The doping process is governed by factors such as ionic radii and the charge on the defect
formed by a given compound. These are the same factors that determine the type of
intrinsic ionic disorder favoured by a given compound, and it is reasonable that the
charge defect be the same as one of the preferred intrinsic defects [18].
2.3 Characterization techniques
The electro catalytic properties of the metal oxides are mainly related to electronic and
geometric factors (intrinsic ionic disorders and preferred intrinsic defects). The electronic
factor is related to the chemical composition of the oxide layer and the physical and
chemical properties of the constituent oxides (e.g., electronic structure and crystallinity).
The geometric factor is directly linked to the morphology of the film. Characterization of
the surface properties of electrodes covered with conductive metallic oxide films is
therefore of fundamental importance for understanding their electrochemical behaviour.
Characterization techniques have been grouped on the basis of:
~ Morphology and physical characteristics
~ Surface characteristics
~ Bulk characteristics.
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2.3.1 Morphology and physical properties
Most heterogeneous catalysts are porous solids [19]. The porosity anses from the
preparation methods. The porous structure enables the solid to have a total surface area
much greater than the external surface area. Knowledge of the morphological parameters
is very important to understand the catalyst evolution during the preparation procedure
and to give a feedback that will be useful for modifying the method and obtaining the
desired results.
(a) Scanning Electron Microscopy (SEM)
Scanning electron microscopy can be used to study the surface morphology of thin films.
Essentially, SEM techniques enable both the secondary electron image as well as the
elemental image of the region under analysis to be obtained. In many ways SEM
techniques are merging with useful spatial resolution using emission electron sources of
50 nm. Such a small and well-defined area of analysis also lends itself to composition
depth profiling. This is a particular strength of SEM that is applied to the characterization
of a vast range of thin films, multilayer stacks and surface coatings. Electron microscopy
is used to study the morphology of catalysts in order to obtain data on the shape, size,
homogeneity, presence of amorphous and crystalline regions and their relative
distribution, the relative surfaces of different crystalline phases and phase separation.
Stellenbosch University http://scholar.sun.ac.za
27 Chapter 2
(b) Atomic Force Microscopy (AFM)
The atomic force microscope (AFM) is being used to solve processing and materials
problems in a wide range of technologies, affecting the electronics, telecommunications,
biological, chemical, automotive, aerospace, and energy industries. The materials that can
be investigated by AFM include thin and thick film coatings, ceramics, composites,
glasses, synthetic and biological membranes, metals, polymers, and semiconductors.
AFM is used for the study of phenomena such as: abrasion, adhesion, cleaning, corrosion,
etching, friction, lubrication, plating, and polishing by using the AFM, it is possible not
only to replicate the material surface on the atomic resolution level but also measure
forces on the nano-newton scale. Since the advent of AFM, very recent though, the
number of publications emanating from the use of this technique has grown at a
tremendous rate.
The primary purpose of this instrument is to quantitatively measure surface roughness
with a nominal 5 nm lateral and 0.01 nm vertical resolution on all types of samples.
Depending on the AFM design, scanners are used to translate either the sample under the
cantilever or the cantilever over the sample. By scanning in either way, the local height of
the sample is measured. Three dimensional topographical maps of the surface are then
constructed by plotting the local sample height versus horizontal probe tip position.
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2.3.2 Surface properties
The importance of the total surface area measurement has been pointed out [19, 20, and
21]. In acid catalysts, the acid sites not only occupy a small fraction of the surface, but
also differ in acid strength and sometimes in nature. To understand how a catalyst works,
why a sample gives better performance than others or why activity decays by time,
knowledge of the number and the nature of active sites is indispensable.
(a) Rutherford Backscattering Spectroscopy (RBS)
RBS is used to determine the cation stoichiometry and thickness of surfaces. In RBS, a
MeV beam of light ions is used as a primary ion source. Measurement of the scattered
particles leads to a fully quantitative composition and depth analysis, without the need for
reference standards. RBS is a mature technique and easily the most quantitative. It can be
used to determine the amount and the distribution of elements in thin layers on substrates.
It is also possible to determine the amount and depth of a layer of foreign atoms if the
identity of that layer is known, in which case the depth and concentration can be
determined.
(b) Particle Induced X-ray Emission (PIXE)
PIXE is an analytical method, which relies on the spectroscopy of characteristic X-rays
emitted by the target elements due to the irradiation of a high-energy ion beam (typically
1-2 MeV ofH or He). PIXE can identify various constituents in a compound. Since there
is little overlapping of the characteristic X-rays for different elements, simultaneous
detection of complicated multi element samples is possible. Quantitative analysis is also
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possible with the appropriate corrections to absorption and X-ray yields. Trace element
analysis using PIXE has a detection limit of the order of magnitude lower than can be
attained by X-ray spectrometry techniques using electron excitation. Under favourable
conditions, a detection limit of 1 ppm for thin foils and 10 ppm for thick foils can be
achieved.
2.3.3 Bulk properties
Although the main focus in catalysts characterization is on the surface properties, bulk
properties are also important because they determine the nature of surface sites.
(a) Thermal Gravimetric Analysis (TGA)
Thermogravimetry is the measurement of the mass of a sample as the temperature
increases. Thermogravimetric analysis provides the change in weight of a sample as a
function of temperature. It is a precise quantitative method for determining combustibles,
loss of volatiles, curing times, decomposition of hydrates and carbonates, and weight loss
changes. Rates of weight loss or gain are easily determined from the thermal gravimetric
curves. TGA measures the change in mass of a sample as it is heated, cooled, or held at a
constant temperature. The instrument is basically a precisely controlled furnace,
combined with a microbalance. TGA' s are routinely used to study the quantitative
separation of components in a mixture and the decomposition of a material in a given
environment.
Stellenbosch University http://scholar.sun.ac.za
30 Chapter 2
(b) X-Ray Diffraction (XRD)
XRD is used to determine the phase composition of coatings. X-rays are electromagnetic
radiations that have much shorter wavelength, and thus much higher energy, than visible
light. In powder diffraction, an incident beam of X-rays interacts with a specimen that is
in the form of either a small non-diffracting filament containing bonded powder or
polycrystalline fiber of very small grain size. Thus, X-ray diffraction is a technique that
can be used for the identification of a crystalline sample, crystal structure and size, crystal
lattice parameters or dimensions and crystal orientation determination and refinement,
and analysis of a polycrystalline mixture of phases (both quantitatively and qualitatively).
(c) Cyclic Voltammetry (CV)
Voltammetry is an electrochemical technique in which the current at an electrode is
monitored as a function of the potential applied to that electrode. The potential is varied
in a systematic manner, resulting in a current-potential plot. This plot is called a
voltammogram. Any chemical species that is electro active, that is, if it can undergo a
redox process, can be analyzed voltammetrically. The electrode can be regarded as a
controlling factor for causing chemical species to be oxidized or reduced. When the
potential of the electrode is negative it becomes more reducing and when it is positive it
becomes more oxidizing.
Cyclic voltammetry (CV) is a versatile electro analytical technique for the study of
electro active species. CV monitors redox behaviour of chemical species within a wide
potential range. The scan range is narrowed for the study of a particular couple. The
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current at the working electrode is monitored as a triangular excitation potential which is
applied to the electrode. The resulting voltammogram can be analyzed for fundamental
information regarding redox reactions.
Many electrochemical reductions/oxidations generate intermediate specie that rapidly
reacts with components of the medium. One of the most useful aspects of CV is its
application to the qualitative analysis of these chemical reactions that are coupled to the
electrode surface reactions. CV is used to determine the redox potential of various donor
and acceptor compounds and to investigate the kinetics of electron-transfer reactions at
the electrode.
(d) Rotating Disk Electrode (RDE)
RDE is a widely used method for the study of electrode processes at solid electrodes [20].
It can be used to determine the diffusion coefficients and kinetic parameters of the
electron-transfer reactions at the electrode. The RDE is constructed from a disk of
electrode material embedded in a rod of insulating material (e.g. Teflon). The electrode is
attached to a motor and rotated at a certain frequency. The movement of rotation leads to
a very well defined solution pattern. The rotating device acts as a pump, pulling the
solution upward and then throwing it outward.
The benefits of RDE include:
~ It has a diffusion layer with a constant thickness.
~ The double-layer charging has a minimal effect on the measurement.
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~ The theoretical basis of the mass transfer process has been solved and
equations are available to relate experimental parameters to the mass
transfer of reactants to the electrode surface [21].
(e) Bulk Electrolysis
Electrolysis is the conversion of electrical energy into chemical energy in order to
convert compounds by oxidation or reduction, so that products are formed. The bulk
electrolysis cell is designed for the complete electrolysis of sample solution. It is typically
used for the quantitative analysis of electron transfer per molecule, and the measurement
of absolute quantity of the analyte. In this project, bulk electrolysis experiments were
conducted in an attempt to break down phenol to less harmful substances or compounds.
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3 Experimental
3.1 Introduction
The mixed metal oxides were prepared by a dip-coating sol-gel technique. The theory
behind this technique was given in detail in Chapter 2. Once the mixed metal oxide
surfaces were prepared, they were then characterized. TGA was used to determine the
temperature at which metal precursors decomposed to form metal oxides. Other
characterization techniques used were SEM, AFM and EDX for the general morphology
of the thin film electrodes. XRD was used to determine the crystallinity of the coated
mixed metal oxides. RBS and PIXE were used to determine the chemical composition
and depth profile of the elements. Bulk electrolysis, RDE and cyclic voltammetry were
used for electrochemical evaluation of the surfaces and HPLC was used to monitor the
breakdown of phenol and the formation of its by-products.
3.2 Preparation of metal oxide electrodes
Coating of Ti surfaces with various metal oxide precursors took place according to a
well-defined procedure by Lipp and Pletcher [1]. They identified factors, which control
the quality of the electrode coating. Pre-treatment of the surface of the substrate prior to
coating is critical for the fabrication of stable electrodes. Hence, shortly before coating
the surface, the substrate was etched in boiling 11.5 M HCI for 5 min. After etching, the
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substrate was washed well with ultra-pure water and later with absolute ethanol and then
dried in air.
The coating films were from the precursors of hydrated SnCh, RuCh, TaCls, RlrCl, and
IrCh dissolved in absolute ethanol [2]. The 50% (mol/mol) of Sn02 was kept constant
and only the mole concentrations of Ru and Ir were varied. The reason behind was that
Sn was considered as a matrix for the Ru and Ir oxides. Ru and Ir oxides are known to be
oxygen producing [1, 3]. The films were prepared by the dip withdrawal technique,
which involves slowly drawing a Ti substrate plate from a solution of the sol consisting
of the respective precursors. The compositions of the conducting metal oxides were
varied and their stability and electro-catalytic activity were determined by means of
cyclic voltammetry, RDE and bulk electrolysis. The various electrodes of varying
compositions that were prepared are tabulated in Table 3.1 and their respective annealing
temperatures and times are tabulated in Table 3.2.
Table 3.1: Reagent compositions of the prepared metal oxides electrodes (%mol/mol)
Ti/Sn02- Ru02- Ir02 Ti/Ta20s- Ir02 Ti/RhOx- Ir02
Sn02 Ru02 Ir02 Ta20s Ir02 RhOx Ir02
50 10 40 80 20 80 20
50 20 30 60 40 60 40
50 30 20 40 60 40 60
50 40 10 20 80 20 80
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Table 3.2: Different metal oxides at their respective annealing temperatures and
times
Electrode Annealing temperature (0C) Annealing time (h)
Ti/Sn02- RU02- Ir02 400 2
Ti/Ta20s- !r02 700 1
Ti/RhOx-lr02 700 2
It has been found that films of 0.05-0.5 urn in thickness can be produced by one dip-
coating run, and that repetition of the application leads to thicker coatings [3]. This
procedure is also true for the surface coatings prepared in our laboratory. A copper
contact was made to the back of the Ti plate by using a Ag epoxy. The back of the
electrode and the copper contact was isolated with an inert non-conductive polymer resin.
This left an area of 0.9 - 1 cm2 exposed for electrochemical measurements. All electrodes
were annealed at a temperature rate of 1°C/min, in a tube furnace in an oxygen-rich
atmosphere. All these electrodes were evaluated as active surfaces towards the oxidation
of phenol and the 50:40: 10 % (Sn:Ru:Ir) was found to be the most promising thin film of
the four prepared. The reported results in this study are solely based solely on this active
surface.
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3.3 Ex-situ analysis
3.3.1 (a) TGA analysis ofTi/Sn02-Ru02-Ir02 and Ti/RhOx-Ir02
The hydrated SnCh, RuCh, IrCh and RlrCl, precursor solutions were analyzed by TGA.
A TGA instrument (Perkin Elmer, Thermal Gravimetric Analyzer 7) was used to monitor
the sample weight loss and recorded the temperature at which the metal oxides formed.
The procedure for the thermo-analytical experiments was as follows: the precursor was
evaporated at 100°C and the sample was transferred to the TGA cell. The Sn/Ru/Ir
precursors were heated to 700°C using air as the carrier gas. The Rh/Ir precursor solution
was heated to 900 oe. All samples were heated at a rate of 10°C Imin.
(b) TGA analysis for Ti/Ta205-Ir02
The hydrated TaC1s and IrCh precursor solutions were analyzed by TGA. The procedure
was as follows: The temperature was kept constant at 400°C for an hour, and then
increased to 900 oe. The Ta/Ir precursor solution heating rate was at 10°C Imin to 900
oe, without a constant temperature of 400°C. Air was used as the carrier gas.
3.3.2 RBS and PIXE analyses
RBS is relatively a simple technique [4]. It is a technique used to determine the cation
stoichiometry and thickness of surfaces. The instrument used for RBS and PIXE analysis
was PHI RBS-400 end station with NEC 1 MV accelerator. A beam of a monoenergetic
and collimated C(.- particles (He2l impinges perpendicularly on a target. Here a 2.0 MeV
He2+ beam was used. The sample was tilted 10° towards the detector, situated at a
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backscattering angle of 165°. The samples were irradiated with a 20 ,....Cof He2+.Some of
the backscattered particles impinge on the detector, where they generate an electrical
signal. This signal is amplified and processed with fast analog or digital electronics. The
final stage of the data processing usually has the form of a spectrum, hence the name
backscattering spectrometry [4].
Scattering events that take place somewhere between the front and rear surfaces are
recorded at some intermediate energies. Since the beam is unattenuated, the scattering
probability at any depth is proportional to the number of atoms of a particular kind
present there. This is the way a concentration profile of a given element is translated into
a signal of corresponding height and decreasing energy in the backscattering spectrum.
The great increase in sensitivity for heavy elements is an asset for the detection of these
elements, but with severe limitation for the detection of light elements like carbon,
nitrogen and oxygen. Two elements of similar mass cannot be distinguished when they
appear together in a sample.
Other analytical tools such as PIXE can resolve this lack of specificity of the signal.
PIXE was used to identify various constituents in the coating layer, since there is little
overlapping of characteristic X-rays for different elements [5]. The samples were
bombarded with protons and the energy of the beam was kept at 3 eV. A selected section
of the surface (5 f..tmx 5 f..tm) was bombarded with protons and taken to be representative
of the total surface composition (5 mm x 5 mm). The backscattered energy was recorded
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using an X-ray detector. Semi-quantitave on-line imaging was made possible by the use
of the GEO-PIXE suite of programmes
3.3.3 SEM, AFM and EDX analyses
The surface morphology of the electrodes was analyzed by elemental X-ray analysis
(EDX), SEM and AFM. A Topcon ABT60 Scanning Electron Microscope was used. The
SEM pictures were taken at a working distance of 7 mm and an accelerating voltage of 7
kV. For the X-ray analysis, the working distance was 12 mm and the accelerating voltage
was 25 kV. The samples were tilted at 30 degrees from the horizontal. Thin films
surfaces were cross-sectionally analysed using SEM. The cross sections were obtained as
follows: The samples were left in a resin for 24 h in an oven at 60 oe, cut and polished
into small pieces and mounted vertically on the stubs.
SEM was used to investigate if the sample has scratches, cavities and other surface non-
uniformities (present even if they are in a micron size) that can drastically modify the
backscattering spectrum. SEM provides surface topography that lacks in-depth analysis,
with little elemental specificity. An EDX (the X-ray analyser) is a link system using
ANI000 software. This attachment (EDX) can provide the missing elemental specificity
and good lateral resolution.
AFM was used to measure the topography with a force probe. A Topometrix Explorer
AFM was used in a contact mode. It operates by measuring attractive or repulsive forces
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between a tip of the AFM probe and the sample. In its repulsive 'contact' mode, the
instrument lightly touches a tip at the end of a leaf spring or 'cantilever' to the sample. As
a raster-scan moves the tip over the sample, deflection of a layer beam to quadrant
detector measures the vertical deflection of the cantilever, which indicates the local
sample height. Thus, in contact mode the AFM measures hard sphere repulsion forces
between the tip and the sample.
3.3.5 XRD analysis
XRD has been found to be the most useful technique for the determination of
crystallographic parameters. XRD measurements identify the crystalline phases of metal
oxides present in a thin film [6, 7]. The combination of atomic composition ratios
furnished by RBS and the knowledge of diffraction patterns give convincing evidence of
the actual nature of the compounds present in the sample.
The thin films were characterized by XRD using a Siemens D8 Advance powder
diffractometer with a theta-theta goniometer. The X-ray source was a copper tube and a
Na! (Tl) scintillation detector that detects the diffracted beam. The film surface was
oriented perpendicular to a plane defined by the X-ray tube, sample holder and detector.
3.3.6 Electrochemical measurements
The surface states of the electrodes were characterized by means of cyclic voltammetry
[8], to evaluate the catalytic responses of the electrode surfaces. The voltammetric
experiments were carried out with an electrochemical analyzer system, BAS 50W
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(Bioanalytical System). A three-electrode system was used. The reference electrode was
Ag!AgCl and Pt was the counter electrode. The working electrodes were metal oxides
electrodes namely, Ti/Sn02-Ru02-Ir02, Ti/Ta20s-Ir02 and Ti/RhOx-Ir02.
The experiments were carried out at room temperature within a potential window of -
1000 mV and 1500 mV, at a scan rate of 100 mV/sec. 3 mM phenol was chosen as the
model compound. Solutions were deaerated by bubbling nitrogen gas. Bulk electrolysis
experiments were carried out at a constant potential of 1500 mV. The pH of the samples
was varied (pH = 2, 7 and 12) and measured by a Metrohm pH meter. Rotating disk
electrodes were constructed from disks of electrode materials imbedded in a rod of
insulating material (e.g. Teflon). The electrode was attached to a motor and rotated at a
certain frequency varying between 0 and 2000 rpm.
All studies were carried out using 0.1 M KCI as the supporting electrolyte, for the basic
reason that the medium is neutral, and also, considering its capabilities of reacting with
organic compounds. Most of the work has been reported to have been carried out in acid
media [3, 4]. The reason why this work was not carried out in acidic media is that acids
tend to be harsh and shorten the service life of the electrodes [5].
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3.3.7 HPLC analysis
The progress of the electrochemical oxidation of phenol was monitored by HPLC
(Waters™). HPLC as an analytical technique is characterized by high speed and
efficiency, and can be coupled to many sensitive and selective detectors [9].
Identification of the by-product compounds of phenol by chromatographic techniques
required the availability of commercial standards prior to the use of other analytical
techniques, for example NMR, MS, etc. Photodiode array detection has led to
considerable improvements in the HPLC analysis of phenolic compounds, as not only the
retention time but also the UV spectrum can be used for identification purposes.
Quantification also became more exact owing to the simultaneous recording of different
wavelengths and the possibility of peak purity checking. There are some instances where
UV spectra obtained by diode array detection have been used for the identification of
unknown chromatographic peaks by comparison with standards giving the similar
spectra.
A variety of compounds are produced during the oxidation of phenol and these have
widely varying solubilities, polarities and dissociation constants [10]. Therefore two
kinds of HPLC columns were used: The first column was a Luna 5 f..l C18 (2), with
water/methanol (50:50 v/v) isoeratic elution and at a flow rate of 1 ml/min for aromatics.
The 10-JLI samples were injected directly into the column. A mixture of water and
methanol was used as the mobile phase. Itwas filtered «1 urn pores) and degassed prior
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to use. First, the system was flushed with pure methanol, followed by the flushing of the
column with methanol/water (50:50, v/v) for 10-20 min. The UV detector was set at
wavelengths between 200 and 400 nm.
The second column that was used was a C18 Atlantis column, with a mobile phase of
NaH2P04.H20 solution and at a flow rate of 1 ml/min. The specific wavelength set was )\
= 210 nm for detecting organic acids. The results were reproducible. The day-to-day
precision of retention times had a 1.2% relative standard deviation.
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4
Preparation, characterization and
electrochemical evaluation of Ti/SnOrRuOr
Ir02 thin film as electrode material for the
oxidation of phenol
Summary
Titanium substrate was coated with mixed metal oxides of Sn02, Ru02 and Ir02. These
coatings were prepared by thermal decomposition of the metal chlorides and alkoxides,
and dip-coated on titanium substrates at 400 oe. The surfaces of the thin films were
characterized with various surface analytical techniques. The properties of these
electrode materials were investigated using TGA, SEM, EDX, AFM, XRD, RBS, PIXE
and Cv.
It was found that the surface morphology of the thin films had both compact and porous
regions. The average area roughness of the surfaces, as determined by AFM, was found
to be about 150 nm. Distinct oxides of Sn, Ru, Ir and Ti were identified by XRD. RBS
confirmed the depth profile of the elements in the thin film. PIXE was successfully used as
an analytical tool to resolve the overlapped peaks of Sn and Ru.
These films act as electro-catalysts for the electro-oxidation of model organic
compounds, such as phenol in aqueous potassium chloride media. The electro-catalytic
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behaviour is linked to the solid-state properties of the films. The film composed of 40%
Ru gave the best catalytic response for the oxidation of phenol. CV measurements
indicated a decomposition potential of 200 mV (vs the Ag/AgCI reference electrode) for
phenol on the Ti/Sn02-Ru02-Ir02 electrode. Bulk electrolysis proved that Ti/Sn02-Ru02-
Ir02 electrode could degrade phenol down to the various carboxylic acids.
4.1 Introduction
Metal oxides and metal oxide mixtures are becoming increasingly important in the
chemical industry. Metal-supported mixed oxide thin films have recently become very
interesting in various branches of industrial electrochemistry [1]. Transition metal oxides
have shown outstanding activity in a variety of electrochemical processes [1]. The
discovery of dimensionally stable anodes, DSA-type electrodes, has led to significant
improvements in industrial electrochemistry technology, especially in the chlor-alkali
industry [2,3]. In addition to the traditional DSA electrodes, which are composed of a
binary oxide mixture, modified electrodes composed of ternary oxide mixtures have also
recently been investigated and found to have enhanced performance [4].
The development of the use of metal oxides as anodes may lead to the replacement of
other kinds of oxygen evolution anodes, such as the Pb-alloy electrodes and Pt-coated Ti
electrodes. They are not dimensionally stable [2], their overvoltage for oxygen evolution
is very high (-800 mV) and they corrode during the anodic polarization [2].
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Thin Sn02 films provide such benefits as: sufficient optical transparency, high electrical
conductivity, excellent chemical and corrosion resistance [4], and properties that satisfy
the requirements of a host material in DSA-type electrodes, especially when used in a
neutral media such as potassium chloride (KeI).
RU02 and !r02 have thus far been extensively investigated as anodes for 02 evolution in
acid solutions [4, 5-7]. RU02 is more active than lr02, while the latter is much more
corrosion resistant than the former. RU02 and Ir02 coated Ti electrodes are known to
possess high catalytic activity, not only for chlorine evolution but also for oxygen
evolution, yet they lack the stability required for practical applications [5]. It has been
suggested that the long-term performance of the two-component oxide may be improved
by the addition of Sn02 [6-9].
As characterization of the surface properties of electrodes coated with mixed metal
oxides is of fundamental importance to the electrochemical behaviour (refer to chapter 3),
a systematic study of the surface characteristics of a range of compositions of mixed
metal oxides of Sn02, RU02 and Ir02 as thin films with electro-catalytic properties was
therefore undertaken (see Tables 3.1 and 3.2). The properties of the thin film electrode
materials were investigated using CV, SEM, EDX, AFM, XRD, RBS and PIXE.
4.2 Experimental
Experimental procedures are outlined in chapter 3.
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4.3 Results and Discussions
4.3.1 Thermo-analytical measurements
Fig. 4.1 shows a typical TGA curve of a coating containing Sn, Ru and Ir precursors
separately and a mixture of chloride precursors.
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Fig.4.1 Thermograms of the hydrated precursors of SnCh, Ruf'l, and IrCh and the
mixture of metal chlorides (Sn/Ru/Ir) with high content ofRu (40%).
The thermogram shows three distinctive stages of thermolysis. First, there is an initial
mass loss between 0 °C and 200°C. The weight loss of Sn/Ru/Ir mixture between these
temperatures is about 30%. This is attributed to the evaporation of the free water
molecules and the solvent. Then there is another mass loss observed between 200 oe and
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400°C, and the SnlRulIr mixture weight loss is about 55%. This is attributed to the
decomposition of the metal chloride ions and the formation of oxides. SnCh in particular
oxidized drastically at 400°C to form Sn02. The weight loss of Sn02 at that temperature
was about 94%. Less mass variation was observed after the 400°C isotherm, indicating
that at that temperature all the organic and metal chloride residues are eliminated and the
respective oxides are formed. Only 32% weight of the original Sn/Ru/lr mixture was
unoxidized.
The thermal curve obtained for a combination of the three metal chlorides (ie. labeled as
SnlRu/lr) shows a similar behavioural pattern to that of individual metal chlorides. This is
an indication that there might be solubility or polymerization occurring between the three
mixed metals, resulting in the thermogram labeled SnlRu/Ir in Fig. 4.1. This figure
implies that the oxidative decomposition of the individual chlorides in the Sn/Ru/Ir
(50:40:10) mixture occurred at the intermediary rate effect. According to Hu et al. [10]
this effect is mainly attributed to the formation of solid solution or the initial polymeric
gel phase between these metal oxides.
4.3.2 SEM, EDX and AFM analyses
Fig. 4.2 (a) shows a SEM image of the Til Sn02-Ru02 (40)-Ir02 (10) thin film. The SEM
showed that the oxide coatings were showing a rough morphology with a network
structure and a porous-like surface. The pore dimensions range between 1.5 - 2 /-tmin
diameter. The surface morphology of the thin film appeared to have both compact and
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porous regions. As the Ru content was increased in the coated layer, more pores were
seen in the coating on the Ti substrate; hence the formation of Ti02 was observed. This
formation of the Ti02 was detected by XRD and the depth profile thereof was observed
byRBS.
(a)
Metal oxide
thin film
Ti support
(b)
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Fig.4.2
(c)
The microstructure of the Ti/Sn02-Ru02-Ir02 (50-40-10) electrode. (a)
SEM surface image, (b) SEM cross sectional surface image and (c) AFM surface image.
Fig. 4.2 (b) shows a SEM side view of the thin film. Film thickness could be determined
from analysis of the SEM cross sectional surface area. The film thickness was estimated
to be about 1.6 /lm, which depends on the rate of dip-coating. The side view also
indicates the formation of a homogeneous film.
AFM confirmed the roughness of the surface of the electrode, as can be seen in Fig.
4.2(c). The average dimension of the roughness of the surface was found to be about 150
nm. AFM also gave information on the average depth profiles of the pores; this was
estimated to be 890 nm. The measurements were taken from the low point (dark spots) on
the surface to the high point (light spots) of the film. The depth profiles of the pores and
the roughness of the surface gave an indication that the film has a large surface area. A
rough surface can be considered advantageous for electro-catalytic applications because
of the resulting larger surface area.
Stellenbosch University http://scholar.sun.ac.za
53 Chapter 4
4.3.3 XRD measurements
Fig. 4.3 shows an X-ray diffractogram of the Ti/Sn02-Ru02-Ir02 electrode. XRD was
used to determine the crystalline nature of the structure of the oxide films coated on the
titanium substrate. Itwas possible to distinctively identify the presence of the crystalline
phases ofTi, Ti02, Sn02, RU02and Ir02 in the rutile structure.
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Fig.4.3 XRD pattern of the Ti/Sn02-Ru02-lr02 (50-40-10) electrode, (a) Ti, (b)
Ti02, (c) Sn02, (d) RU02,(e) lr02.
The oxidized Ti into Ti02 formed part of the coating layer. The Ti02 layer formed could
not passivate the coating layer because its layer was very thin. The presence of the Ti02
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in the above-mentioned coating layer is explained by the structures and ionic radii of the
same magnitude; they could form a substitutional solid solution. Indications are that this
postulate agrees with the explanations given during the discussion of the thermo-
analytical measurements (section 4.3.1). The unlabeled peaks observed between 80 and
100 (2 theta) are attributed to small crystal islands in a semi-crystalline matrix.
4.3.4 RES and PIXE measurements
The Ti/Sn02-Ru02-Ir02 electrode sample was investigated with RBS and the data (open
circles) and simulated spectrum (solid line) are shown in Fig. 4.4. A software package
RUMP [17] was used to simulate the spectra. The arrows show at which energy a signal
from an element on the electrode surface would be observed; the depth profile of each
element is built up of signals lower than this energy. It is clear that there is significant
overlap of Sn and Ru peaks between the channels 380 and 420. Nonetheless, a small
depth profile of Ir and Sn/Ru can be seen.
The broad shoulder between the Ru and Ti surface positions is indicative of a sample
with large differences in thickness over the irradiated spot. This also indicates that the
diffusion of the coating layer into the substrate had occurred. A simulated spectrum
consistent with the data was obtained by describing the sample as consisting of the Ti
substrate covered with a layer of Ti02 upon which, islands of mixed oxides of non-
uniform thickness were formed. PIXE analysis was later performed to resolve the Sn and
Ru peaks [Fig. 4.5]. The peaks observed for Fe and Ag are believed to be due to the
impurities resulting from these elements. The peaks labeled esc are due to the noise at the
beginning of the measurement.
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Fig.4.5 Fitted PIXE spectrum for the Ti/Sn02-Ru02-Ir02 electrode.
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4.3.5 Cyclic voltammetric measurements
CV was used to evaluate the catalytic response of the electrode surface. Phenol was
chosen as the model with which to evaluate the reversibility and kinetics of the thin film
surface. Fig. 4.6 (a) and (b) shows the reactions of the oxidation-reduction chemistry of
phenol at the platinum and the Ti/Sn02-Ru02-Ir02 electrodes. Various composition
concentrations of the conducting oxides were examined. The current/potential curve
represented here is that of a thin film having a 40% Ru content. This film showed the
optimum performance for the oxidation of phenol. The voltammograms showed a
irreversible behaviour for phenol at both the Ti/Sn02-Ru02-Ir02 and Pt electrode
surfaces.
The oxidation potential for phenol at a Pt electrode was observed at about 1000 mV vs
Ag/AgCl, while at the Ti/Sn02-Ru02-lr02 electrode, phenol was oxidized at about 200
mV. This oxidation potential of phenol on the Ti/Sn02- RU02-lr02 surface is low
compared to that observed on the corresponding Pt electrode (see Figs 4.6 (a) and (b)).
This is also lower than the reported oxidation potential of phenol at the Ti/Sn02-Sb203
electrode [12]. The catalytic response of Ti/Sn02-Ru02-lr02 shows promise when
compared to that of Pt, because Pt has been widely used as an anode for oxidation
applications. The use of the Pt electrode as an anode has serious shortcomings, mainly
because oxidation of many organic substrates fails to take place in a potential region
where Pt passivation occurs, due to oxide formation [2].
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Cyclic voltammograms of phenol oxidation at (a) platinum and (b)
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The electrochemical response at the Ti/Sn02-Ru02-Ir02 electrode clearly shows that the
oxidation of phenol is irreversible; the reduction peak, of similar magnitude to the
oxidation peak appears at a potential of -200 mV. The oxidation of phenol is thought to
take place by a three-electron transfer, to form benzoquinone (see Fig. 4.6(b)). However,
this is not conclusive unless one can relate the charge Q, to the concentration of phenol.
The electron transfer is evidenced by the oxidation peak shown during the oxidation of
phenol to quinone (Reaction 4.1).
OH OH
6
0
e- .. 2e- ...
(4.1)
Phenol
OH 0
Hydroquinone Benzoquinone
Previous reports [13-16] on the oxidation of phenol have indicated that the oxidation
process is non-reversible. This non-reversibility was largely responsible for the fouling of
the electrode surface from the oxidative polymerization of phenol. The irreversible redox
behaviour of this couple at this low potential (~200 mV) should therefore significantly
decrease the fouling processes associated with the oxidation of phenol.
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4.4 Conclusions
The sol-gel process usmg metal alkoxides has been successfully applied in the
preparation of a rutile type Sn02-Ru02-Ir02 ternary oxide. TGA results confirmed the
loss of free water molecules and the decomposition of the metal chlorides and alkoxides
to form oxides. XRD distinctively identified the presence of crystalline structures of Ti,
Ti02, Sn02, RU02 and !r02 in the rutile phase. The surface activity is largely determined
by the morphology of the surface. The Ti/Sn02-Ru02-Ir02 electrode had a high surface
roughness, with a thickness of about 1.6 urn. This is considered an advantage for
electrocatalytic applications.
The Ti/Sn02-Ru02-Ir02 electrode was proven to be the catalytic surface for oxidizing
phenol under electrochemical conditions. From the available literature, it is believed that
these metal oxides combinations have never been reported before. Also, the catalytic
response to the oxidation and reduction of phenol at a potential lower than that for Pt
electrode, is also new. A coating layer containing 40% Ru was the doping concentration
that gave the best catalytic response for the redox electrochemistry of phenol. This latter
electrode showed potential as an anode material, to substitute the widely used Pt for the
electro-oxidation of organic compounds in aqueous media.
Stellenbosch University http://scholar.sun.ac.za
60 Chapter 4
REFERENCES
1. Kodintsev, I.M., Trassati, S. Electrochimica Acta. 1994,39 (11-12), 1803.
2. Comninellis, C., Vercesi, G.P. Journal of Applied Electrochemistry. 1991, 21,
335.
3. Lassali, T.A.F., Boodts, J.F.C., Bulhoes, L.O.S. Journal of Non-Crystalline
Solids. 2000,273, 129.
4. Shieh, D.T., Hwang, B.J. Electrochimica Acta. 1993,38, 15,2239.
5. Iwakura, C., Sakamoto, K. Journal of Electrochemical Society. 1985, 132, 10,
2420.
6. Angelinetta, C., Trassati, S. Materials Chemistry and Physics. 1989, 22, 231.
7. Angelinetta, c., Trassati, S. Journal of Electroanalytical Chemistry. 1986, 214,
535.
8. Onuchukwu, A.I., Trassati, S. Journal of Applied Electrochemistry. 1991, 21, 858.
9. Lassali, T.A.F., Boodts, IF.C., Bulhoes, L.O.S. Electrochimica Acta. 1999, 44,
4203.
10. Hu, J., Zhang, r,Cao, C. Thermochimica Acta. 2003,403,257.
11. Sakka, S., Kamiya, K., Makita, K., Yamamoto, Y. Journal of Non-Crystalline
Solids. 1984,63,223.
12. Grimm, L, Bessarabov, D., Simon, U., Sanderson, R. Journal of Applied
Electrochemistry. 2000, 30, 293.
13. Grimm, J., Bessarabov, D., Maier, W., Storck, S., Sanderson, R. Desalination.
1998, 115,295.
Stellenbosch University http://scholar.sun.ac.za
61 Chapter 4
14. Comninellis, c., Pulgrin, C. Journal of Applied Electrochemistry. 1993,23, 108.
15. Bock, C., MacDougall, B. Journal of Electroanalytical Chemistry. 2000, 491, 48.
16. Comninellis, C. Electrochimica Acta. 1994,39, (11-12), 1857.
17. Doolittle, L.R. Nuclear Instruments and Methods, B. 1985,9,344.
18. Fiamegos, Y., Stalikas, c., Pilidis, G. Analytica Chimica Acta. 2002,467 (1-2),
105.
19. Wang, P., Lee, H. Journal of Chromatography A. 1997,789,473.
20. Boudenne, J.L., Cerclier, 0., Galea, l, Van der VIist, E. Applied Catalysis A:
General. 1996, 143 (2), 185.
21. Christoskova, S., Stoyanova, M., Georgioeva, M. Applied Catalysis A: General.
2001,208,243.
22. Santos, A., Yustos, P., Quintanilla, A., Rodriguez, S., Garcia-Ochoa, F. Applied
Catalysis B: Environmental. 2002,39,97.
23. Feng Y.J., Li, X.Y. Water Research. 2003, 37, 2399.
24. Azzam, M.O., Tahboub, Y., Altarazi, M. Trans Ichem. B. 1999,77,219.
25. Azzam, M.O., Tahboub, Y., Altarazi, M. Journal of Hazardous Materials, B.
2000, 75, 99.
Stellenbosch University http://scholar.sun.ac.za
62 Chapter 5
5
Preparation, characterization and electrochemical
valuation of binary oxide electrode Ti/lrOr Ta20S for the
oxidation of phenol
Summary
Iridium and tantalum oxides were thermally prepared from a sol-gel solution on titanium
substrates, forming Ir02-Ta205 layers. The thermal analytical formation of Ir02 and
Ta205 mixed oxides from chloride precursors was studied by TGA. SEM, EDX, AFM,
XRD, RBS and PIXE investigated the surface morphology and microstructure of the
layers. The reactivity of the Ir02-Ta205films was electrochemically evaluated using CV
CV showed a significant reduction of the over-potential for the oxidation of phenol.
5.1 Introduction
Metal oxide coatings consisting of iridium and tantalum oxides, thermally prepared on a
titanium substrate have received much attention as the most widely used catalyst for
oxygen evolution in industrial electroplating processes [1]. Tantalum oxide has been
reported to remarkably enhance catalytic activity and selectivity and to prolong catalyst
life when a small amount of oxide was added to known catalysts [2].
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The !r02-Ta20s coated electrode is electrochemically stable since the electro-conducting
Ir02 is stabilized by Ta20s [3]. The high stability of this binary mixture can be attributed
to the formation of an !r02 based solid solution with a tantalum component. This type of
electrode exhibits high electrocatalysis activity for oxygen evolution [4].
In commercial electrogalvanising lines (EGLs), the application of the Ti/Ir02-Ta20s
electrode has increased, replacing other kinds of oxygen evolution anodes such as the Pb-
alloy electrode and platinum-coated titanium electrodes [1, 5, 6]. There are some
disadvantages associated with the use of lead anodes [7]. They are not dimensionally
stable, the over-voltage for oxygen evolution is very high (~800 mV) and they corrode
during anodic polarization. Several workers [8, 9] have studied the use of dimensionally
stable anodes (DSAs) for oxygen evolution in acid solutions, because of their low oxygen
over-voltage and inert properties.
An iridium oxide-based anode exhibits a low oxygen over-potential, low consumption
rate of the catalyst and low contamination into the electrolyte. The catalytic layer of this
type of anode is usually a Ti substrate coated with iridium oxide and tantalum oxide [6].
The Ir02-Ta20s coating is reported to have excellent catalytic and corrosion resistance
properties [1]. For example, a lifetime of more than 10 000 h was demonstrated under
severe operation conditions of 100 A dm-2 and 333 K in practical use [1]. Based on
accelerated electrolysis tests at a current density of 2 A cm", the real service life of a
Ti/Ir02-Ta20s anode has been estimated to be from 5 to 10 years [10]. In this work, Ir02-
Ta20s was prepared to act as a DSA for the electro-oxidation of organics in aqueous
media. Characterization of such an electrode is a prerequisite to the fundamental
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understanding of its electrochemical behaviour as related to its physical and chemical
properties [11].
5.2 Experimental
All the experimental procedures are outlined in chapter 3.
5.3 Results and discussion
5.3.1 Thermo-analytical measurements
Thermograms of hydrated iridium chloride, tantalum chloride and Ta/Ir mixed precursors
are shown in Fig.5.1. These results are in agreement with the results reported by Kristof
et al. [12], that below 100°C the residual solvent (absolute ethanol) and crystallization
water are released. In the mass loss stage between 200 and 400 °C, chlorinated species
evolve and their liberation continues up to 550°C. The Ta/Ir precursor that was held for 1
h at 400°C showed that more weight loss was observed compared to Ta/Ir precursor
without a hold at 400 "c. The reason for this observation is that more of chlorides of the
Ta ions are oxidized at this temperature. So, keeping the precursor sample on hold at that
temperature gave it enough time for more decomposition.
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Fig.5.1 Thermograms for the TaC}s, IrCh precursors and Ta/Ir (20:80) mixed
precusors.
About 84% weight of hydrated TaCls was found to have oxidized at ~250 °c, and about
48% of the hydrated IrCh decomposed at 800°C. The Ta/Ir mixed solution thermogram
showed an initial weight loss between 100 and 400 °c. This is attributed to the
decomposition of the hydrated TaCl, and the formation of {3-Ta20s. The second weight
loss occurred between 550 and 720°C. The Ta/Ir mixture without 10min. hold at 400°C
was found to have oxidized and only 56% weight was unoxidized. This weight loss is
attributed to the decomposition of hydrated iridium chloride.
It is difficult to postulate the reaction products in each of the temperature regions because
of the complicated interaction between the Ir and Ta chlorides in the thermal analysis
process (see Fig. 5.1). Generally, the value of the weight loss for Ta was larger than that
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of Ir over a wide temperature range. This means that Ir inhibited the oxidation of the Ta
as weight loss was much lower as it moved to higher temperatures. This intermediary
effect is mainly caused by the formation of a solid solution between Ir and Ta oxides
[13].
The TaCls (xH20) and IrCh (xH20) thermal analysis results were consistent with the
results reported by Hu et al. [13]. Above 700°C the respective oxides were formed; a
minimal amount of Ta20s remained with more of the lr02 formed. The crystalline
reflections of rutile-structured lr02 on a Ti substrate were also detected by XRD. No
mass variation was observed after the 700°C isotherm, indicating that at that temperature
all the organic and chloride residues had been eliminated and the respective oxides had
formed.
5.3.2 SEM, ED)(, AFM andXRD analyses
The surface morphology of a coating layer TilTa20s-Ir02 was examined by SEM and
AFM. Fig. 5.2 shows the microstructure of the Ti/Ir02-Ta20s electrode. The micrograph
showed a heterogeneous cracked morphology consisting of flat, smooth areas and
agglomerated particles formed on smooth areas. These aggregated particles were
attributed to lr02 and the flat area to the combination of both tantalum and iridium
oxides, as determined by elemental X-ray analysis (EDX).
The above mentioned results are also consistent with the view point of Roginskaya et al,
[14] who reported, based on the SEM analysis of Ti/Ta20s-Ir02 surface, that the
boundaries of lr02 crystallites are modified by Ta20s in mixed oxides.
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Fig.S.2 The microstructure of a Ti/lr02-Ta205 electrode. (a) SEM surface image, (b)
SEM cross sectional surface image and (c) AFM surface image.
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The finer the crystallites of !r02, the greater the contribution of Ta20s modification to the
mixed modified phase. The Ta component has a significant effect on the crystallization
dynamics of the lr02 crystallite phase as indicated by SEM, TGA and XRD results.
Previous work [4, 15, and 16] indicates that the crystallite size of the pure !r02 increased
with the annealing temperature. This indicates the possibilities of metal oxides
rearrangement at higher temperatures, which includes metal oxide separations into
separate crystalline domains.
SEM provides surface topography that lacks in-depth analysis, with little elemental
specificity. The drawback of the electron microscope results is that the X-ray signal
reflects the average composition over large depths, compared to the resolution of the
depth of a backscattering spectrum (Fig. 5.4). Therefore the sample was cross-sectionally
examined to look at a side view of the thin film. Results of the SEM cross sectional
surface area analysis estimated the film thickness to be about 1.9 J.1m(Fig. 5.2b).
The AFM images were taken over 10 J.1mscan size areas. Results confirmed the
roughness of the surface. The average dimension of the roughness was estimated to be
about 380 nm. The presence of pores on the surface of the electrode was also observed.
The average depth of the pores was found to be about 1100 nm.
XRD clearly indicated the presence OfIr02, Ta20s Ti02 and Ti, as can be seen in Fig. 5.3.
Tantalum oxide was crystallized to the (3-Ta20s phase and the lr02 rutile-shape type was
in a tetragonal structure. At 80% Ir content, the crystallite phase in the mixture existed
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entirely as the rutile phase. These results indicated that the crystallization of Ta20S is
affected by the lr02 component. XRD results are in agreement with the results reported
by Roginskaya et al. [14] and Hu et al. [13]. They also pointed out that in the binary
oxides the ,8-phase is a solid solution of Ir02 in ,8-Ta20s, and, furthermore that it is
possible that the Ta component can penetrate into the Ir02 rutile crystal by solubilization.
Because the ion radii of TaIV, Tavand TaIV are extremely close (0.74, 0.72 and 0.71 A0,
respectively), it is not difficult for Ir and Ta compounds to form solid solution. The rutile
lattice is deformed and the cell volume increases due to access of the larger ion of the Ta
component.
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5.3.3 RES and PIXE measurements
In the RBS spectrum of a Ti/Ta205-Ir02 sample (Fig. 5.4), the energy at which elements
will be observed when they are on the surface, are indicated by the vertical lines of the
arrows shown. The signals at the lower energies (or channels) to the left of these
positions arise from backscattering events deeper in the sample and thus represent a depth
scale that correlates to deeper positions within the sample with lower energies.
RBS does not have the mass resolution capability to distinguish between Ta and Ir, as
they are both at the surface of the Ti/Ta205-Ir02 electrode. In RBS simulations (RUMP)
[17, 18], only Ta was therefore used, although it was known that Ir was present, as
indicated by XRD and EDX results (section 5.3.2). From the RBS spectrum (Fig. 5.4) it
was deduced that the sample could be simply described as a pure Ti substrate into which
some Ta/Ir had diffused. This indicates that a Ti substrate is covered by a thin layer
containing the elements Ta, Ir, Ti and O.
The first layer of Ti/Ta205-Ir02 consisted of a mixture of Ta/Ir and Ti (from Ti02), the
Ta signal of which was visible between channels 420 - 440. RBS showed that the Ta
concentration was not constant over this layer. Near the surface the composition of Ta
was 30% while at the back of the layer the composition was lO%,
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The Ta present at the beginning of the layer decreased rapidly, to a depth of one micron
towards the Ti. The interdiffused Ta and Ir signal is clearly seen in Fig. 5.4 as the
contribution ranging from channels 340 to 420. The RBS spectrum was consistent with
the heterogeneous composition of the coating layer. The peaks of the coating layer (Ta/Ir)
overlapped and RBS could not specifically resolve the component elements, because of
their closeness in mass numbers. To determine the ratio ofTa to Ir in this layer of Ta20s-
Ir02, the PIXE technique was used. Fig. 5.5 shows that both Ta and Ir can clearly be
resolved. Compositional analysis shows the ratio of Ta:Ir to be 3:4.
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Fig.5.5 Fitted PIXE spectrum of a Ti/Ta20s-Ir02 electrode.
5.3.4 Cyclic voltammetric measurements
Phenol was chosen to be the model compound for the catalytic activity of Ti/lr02- Ta20s
electrode. The cyclic voltammograms of phenol at Ti/lr02- Ta20s and Pt electrodes were
recorded. The reference electrode used was Ag/AgCl. Fig. 5.6 shows the comparison in
performance between the working electrodes, Ti/lr02- Ta20s and platinum. The cyclic
voltammogram in Fig. 5.6 (a) showed the redox process demonstrated the irreversible
behaviour. The redox peak occurred at 200 mV vs Ag/AgCl.
The performance of Til Ta20s-Ir02 was compared to that of the Pt because Pt has been
widely used as an anode for oxidation applications. The oxidation potential of phenol was
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law (200 mV) compared to that of the Pt electrode, which was at 950 mV vs Ag! Agel.
This indicated that the Ta205-Ir02 layer had significantly lowered the over-potential for
the oxidation of phenol.
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5.4 Conclusions
Characterization of the binary oxide electrode Ti/Ir02- Ta20s revealed that the lr02 and
Ta20s mixed oxide coating layer was heterogeneous with minor cracks. This structure
gave rise to a high surface area. The surface morphology and the structure of the coating
are important factors affecting the electrocatalytic activity of the thin film. As a result of
the crystallization of the Ir and Ta oxides, especially from the solid solution phase during
the thermal analysis of mixed chloride precursors, the oxidative dissociation of the IrCh
and TaCls mixture into crystalline domains was facilitated.
The lr02- Ta20s (80:20) mixed oxide coating, accompanied by solubility between the two
oxides and the crystal grains of the oxides, exhibited the best anodic and electrocatalytic
activity. These properties are essential for successful industrial applications. The
optimum concentration ratio for the oxidation of organic compounds was 20:80 (Ta:Ir).
Indications are that the Ti/lr02- Ta20s electrode is a potential electrochemically active
catalyst for the oxidation of phenol. This electrode lowers the overpotential for phenol
oxidation.
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6 Preparation, characterization and electrochemicalevaluation of TilRhOx-1r02 electrode for the
oxidation of phenol
Summary
Ti/RhOx-Ir02 films were prepared from the chloride precursors of Rh and Ir using the
sol-gel technique. These precursors were annealed at 700 "C. The annealing temperature
was determined by thermal gravimetric analysis. The morphology of the film was found
to be rough, with a grain-like appearance. The phase composition of these metal oxides
was determined by XRD. They were found to have crystalline structures. The rhodium
oxide had two-phase formations, Rh02 and Rh203, attributed to high calcination
temperatures. Cyclic voltammetric measurements were performed for the oxidation of
phenol. Two oxidation peaks were observed, at -100 and 300 mV respectively. This was
an indication that the prepared surfaces or films were catalytically active towards the
oxidation of phenol.
6.1 Introduction
Rhodium and its compounds are superb catalysts for a variety of reactions [1]. The metal
catalyses the hydrogenation of unsaturated organic molecules, as well as the dissociation
of nitrogen oxide (NO) [2]. In combination with oxide promoters, rhodium directs the
hydrogenation of carbon monoxide towards higher alcohols [2]. Coatings of pure Ru and
Ir oxides, or doped with Ti and / or Sn oxide, have been intensively investigated [2, 3].
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However, investigations concerning other metal oxides of the Pt group elements such as
Os, Rh and Pd are scarce. Not much has been published about the electrochemical
properties of thermally prepared rhodium oxide [2, 3]. The electrochemical stability of
Rh02 electrodes prepared was investigated by Swette et. al. [4]. The results showed this
electrode material to be very stable towards both oxygen evolution and reduction, but
neither the electrocatalytic activity nor the Tafel plots were evaluated [2].
Oxygen evolution is one of the most important technological reactions in
electrochemistry, taking place at the anode of water electrolysers, in metal electro-
winning processes, in cathodic protection, and in electro-organic reduction. Oxygen
evolution is very often the more difficult of the two electrolytic reactions in an
electrochemical cell, so that the economy of the entire process is governed by that of the
anodic reactions. Oxygen evolution is a critical reaction since it creates very aggressive
conditions for the electrode material of an anode. This is particularly true in acid solution,
in which the severe conditions are enhanced in applications involving proton conductor
solid polymer electrolytes. The latter environment is resisted only by thermal oxides of
precious transition metals, which belong to the wide class of dimensionally stable anodes
(DSAs) [5].
Studies on the electrochemical properties of Ti/Rhï); electrodes prepared by thermal
decomposition of suitable precursors have been conducted by other researchers [6, 7]. It
has been found that RhO; is more active than both RU02 as well as Ir02 for hydrogen
evolution in acid solution.
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Aramata et. al. [8] studied the influence of Sn-oxide on the electrocatalytic activity of Rh,
Ir and Pt-based oxide mixtures. In the case of the Rh-based electrode materials, the
introduction of tin oxide in the coating caused a negative effect in the catalytic activity. In
this dissertation, studies on Rh oxide doped Ir -oxides were conducted and are reported
on here.
6.2 Experimental
The experimental procedures are outlined in chapter 3.
6.3 Results and discussion
6.3.1 Thermal analysis
TGA curves of Ti/RhOx-Ir02 electrodes were recorded to establish the temperature range
in which the precursor decomposition occurs. With respect to this issue, one must always
keep in mind that the decomposition of a solid residue in the powder form is not always
comparable to the decomposition of successive layers on a Ti support.
For the starting material of hydrated RhCI}, the number of the hydration water molecules
calculated from the initial weight loss is 3.07. TGA results showed that hydrated RhCI}
decomposed at rather high temperatures (Fig. 6.1). An increase in calcination temperature
increased the active surface area. Increase in calcination temperature resulted in a more
complete decomposition of the chloride precursor salts.
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Fig.6.1: TGA curves of the hydrated RlrCl, and IrCh respectively.
Representative TGA curves recorded for the evaporation residue of !rCh + RhCl,
precursor mixtures are shown in Fig. 6.2. It was difficult to identify the individual
thermal decomposition steps. A general feature of the TGA curves is the existence of two
steps of weight loss, suggesting the first evaporative loss then decomposition and
oxidation of the components. It was found that the oxidative decomposition of the
mixtures with lower Rh content shifted to lower temperatures. About 60% weight of
RhIIr (20:80) was found to be decomposed while 40% weight was unoxidized.
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6.3.2 Surface Analysis
The morphology of the electrode coating strongly depends on the composition of the
precursor solution of hydrated RhCh and IrCh and the conditions of preparation. Fig. 6.3
shows SEM micrographs of the TiIRhOx-Ir02 coating prepared by the sol gel technique.
This coating was calcined at 700°C. The morphology of the coating layer appeared to be
uniform. A rough porous coating was observed. This observation was confirmed by the
AFM results, which showed that as the Rh content increased, the area roughness in terms
of average peak height differences increased.
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Fig.6.3 The microstructure of a TilRhOx-Ir02 electrode. (a) SEM surface image,
(b) SEM cross sectional surface image and (c) AFM surface image.
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EDX revealed that the active coating layer is predominantly Ir and poor in Rh content as
expected. It also indicated that the crevices were rich in Ti02 and poor in both Rh and Ir
content. The results obtained here confirmed the results reported by Roginkaya et.al. [7]
where a low Ti content was found in the valleys. Because of the high calcination
temperature, the oxidation of Ti support resulted in Ti02 migration towards near-to-the-
surface regions of the RhOx/Ir-oxide coating.
The presence of rutile Ti02 was confirmed by XRD measurements. The thickness of the
coating layer was also determined by SEM analysis of a surface cross-sectional area. It
was found that the thickness of the coated film was about 1.62 urn.
XRD showed the crystalline structures of the coated metal oxides (Fig. 6.4). It also
indicated the presence of Ti02 in the rutile phase, which is agreement with results
obtained from EDX. The oxides were isostructural and adopted a disordered rutile-type
structure. The rutile structure is adopted by a large number of binary M02, and ternary
MM'04 oxides [3, 7].
Rutile-type oxides exhibit a diverse range of electronic and magnetic properties that are
sensitive to the precise structure of the material [7, 8]. Despite the crystallographic
simplicity of the rutile structure, numerous attempts to rigorously explain structural
variations in rutile type oxides have not been successful, nor has it been possible to
predict the precise structural features of rutiles.
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The XRD results of TiIRhOx-Ir02 indicated that mixed phases of rhodium oxides were
observed; the rhodium seems to enter the rutile structure as Rh 4+ tetragonal Rh02 and the
rhombohedral Rh203. The two-phase formation of rhodium is attributed to the high
calcination temperatures.
Iridium oxide was observed to be tetragonal in structure as Ir02. The mixed phases of the
rhodium oxides found agreed with the results obtained by De Campos, et al. [3] which
showed, using XRD that the decomposition of the precursor containing Rh02 which is
partially transformed to Rh203 when higher calcinations temperatures are employed. No
chlorides from the precursors were observed by XRD, indicating that there was a
complete conversion of chlorides to oxides at 700°C. These results correlate well with
the results obtained from TGA.
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6.3.3 RES measurements
In the RBS spectrum of a Ti/RhOx-!r02 sample (Fig. 6.5), the energy at which elements
will be observed when they are on the surface, are indicated by the vertical lines of the
arrows. The signals from lower energies (or channels) to the left of these positions are
from backscattering events deeper into the sample and thus represent a depth scale that
correlates deeper positions in the sample with lower energies.
RBS results distinctively showed three layers of the metal precursors loaded on titanium
substrate. RBS simulations (RUMP) used Rh and Ir since their presence had also been
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confirmed by other techniques, such as XRD and EDX. From the RBS spectrum it was
deduced that the sample could be simply described as a pure Ti substrate onto which
some RhlIr had been coated.
The first layer consisted of Ir and Rh, of which the Ir signal was visible at an energy level
of 2.3 MeV and Rh was found at 2.1 MeV. The RBS results showed that the
concentration of these metals was not constant over this layer. There is an indication that
these metals diffused into the substrate.
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Fig.6.5 RBS simulated spectrum of a TilRhOx-lr02 electrode.
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6.3.4 Cyclic voltammetric measurements
A cyclic voltammogram for the oxidation of phenol was recorded in the potential range
of -1200 to 1600 mV vs. Ag/AgC!. Cyclic voltammetry in a limited potential range to
obtain the electrochemical spectrum of the surface and related surface change is shown in
Fig. 6.6. The peak observed at 1200 mV is associated with oxygen evolution. The phenol
oxidation peak was observed at the potential of200 mV. The peak observed at -200 mV
was attributed to the hydrogen evolution.
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Cyclic voltammograms of phenol at a Ti/RhOx-lr02 electrode.
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6.4 Conclusions
The morphology of the TiIRhOx-Ir02 electrode was homogenous, porous and rough with
minor cracks, characteristic of the thermally prepared oxide layers [3]. These surfaces
were prepared by dissolving hydrated RhCh and IrCh in absolute ethanol, dip-coating
and annealing the substrate and coating at 700 oe. XRD results show that crystalline
phases of these metal oxides were formed. RBS results confirmed the presence of Rh and
Ir in the surface layers of TiIRhOx-Ir02. Cyclic voltammetry showed the potential at
which phenol was oxidized, and indicated that the prepared surfaces were catalytically
active.
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7 Further mechanistic study of the mixed metal oxidessurfaces using rotating disk electrode (RDE)
Summary
Rotating disk electrode (RDE) was used to determine the kinetic parameters of the
electron-transfer reaction involving phenol at the TiISn02-Ru02-Ir02, Ti1Ta205-Ir02 and
TiIRhOx-Ir02 electrodes. According to the Levich equation, current is directly
proportional to the square root of the rotation speed. As the rotation speed increased, the
oxidation peaks for phenol are separated, indicating independent electron transfer
processes. The rate at which the oxidation of phenol occurred at different oxide surfaces
was determined.
The oxidation rate of phenol was found to depend on the nature of the anode material. It
was also found that the oxidation rate not only depended on the chemical composition of
the anode, but also on morphology of the prepared oxide surfaces as is dependent on
preparation procedure.
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7.1 Introduction
The determination and characterization of phenolic compounds have received a
considerable amount of attention due to their importance in food, environmental and
industrial processes [1-2]. Although the electrochemistry of phenol and phenolic
compounds has been studied extensively, certain mechanistic aspects have not been
explored fully [3-8].
Not much has been done in the way of examining the stages of the oxidation of phenol
and the relative efficiency of different materials to the kinetic steps involved in the
conversion to CO2• Active electrode materials such as noble metals and intermediate
metal oxides such as Ir02 will go to more oxidized states by inducing anodic conditions
[6-10]. It is found that they can oxidize solution species only by direct electrochemical
oxidation or by subsequent transfer of the bound oxygen to the solution species.
Formation of hydroxyl radicals (see reaction in 7.1) on the surface of some electrode
materials has been demonstrated by in situ studies involving spin-trapping reagents [7].
+ e
k1
MDx+l + H+... + e
ko
~ 112°2 + n+ + e + MOx
kd .... Mq, + lll~
.,
MOx( OH)
(7.1)
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In this chapter the electrochemical oxidation of organic compound phenol at precious
metal oxide electrodes is described. Phenol was selected as a model compound since it is
known to undergo oxidation to p-benzoquinone. The benzoquinone can be further
oxidized to form carboxylic acids. Benzoquinone is also capable of being reversibly
reduced to form hydroquinone.
7.1.1 The RDE technique
Transport of the reacting species to the surface of electrodes occurs both by convection
and diffusion. One advantage of using RDE is to determine the fact that the mass
transport is uniform, so that the surface concentration of any reacting species is constant
over the working surface of the electrode [5, 11-12].
Several electrochemical techniques have been developed in which forced convection is
induced in the cell [5]. These hydrodynamic techniques can be sub-divided into two
categories: (i) those in which the electrode induces flow in the cell via its motion (e.g., a
rotating disk electrode) and (ii) those in which the electrode is stationary and flow is
forced over the electrode surface (e.g., wall jet electrode). For this study the rotating disk
electrode was chosen in preference to the wall jet electrode because it is easy and cost
effective to design a rotating disk for metal oxides. RDE experiments were performed
with Ti/Sn02-Ru02-Ir02, Ti/Ta20s-Ir02 and Ti/RhOx-Ir02 thin film electrodes.
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Hydrodynamic methods are employed in electrochemical systems because they increase
the rate of mass transport to the electrode surface beyond what is typically observed
under conditions where transport is governed solely by diffusion. The consequent
enhancement in the mass transport rate leads to a greater range of kinetic parameters, ie
charge-transfer kinetics being measured. A further advantage of inducing hydrodynamic
flow in an electrochemical cell is the fast onset of a steady state response, which
significantly reduces the contribution of transient effects such as double layer charging on
the measured response.
7.1.2 Phenol oxidation
The rotating disk electrode technique was used in this study to characterize the behaviour
of phenol at precious metal oxide electrodes. Phenol is oxidized to form quinone in a
two-electron reaction. Under severe anodic conditions, quinone can be oxidized to maleic
acid and other compounds that are not electrochemically reducible at the potentials for
quinone reduction [4, 13-14], and ultimately to C02. Thus the detection of quinone can
be used to monitor the extent of reaction and the subsequent disappearance of quinone via
reaction (7.2) and final pathways to complete incineration [14-16]. Reaction 7.2 shows
the general schematic diagram for the oxidation of phenol down to the acids.
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7.2 Experimental
Experimental procedure is outlined in Chapter 3.
7.3 Results and discussion
RDE voltammogram of 3 mM phenol were performed using the Ti/Sn02-Ru02-Ir02,
Ti/Ta20s-Ir02 and TiIRhOx-Ir02 electrodes to illustrate the nature of the oxidation of
phenol to quinone.
(a) Discussion of the oxidation of phenol at the Sn/Ru/Ir system using RDE
Poten1ljal~V
(a)
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Fig.7.1: RDE voltammograms of phenol at SnlRu/Ir oxide electrode (a)
under diffusion controlled conditions and (b) at a rotation speed of 1000 rpm.
The RDE curve (Fig. 7.1 (a)) under diffusion-controlled conditions shows the oxidation
peak of phenol at 200 mV. These results are in agreement with the cyclic voltammogram
(Fig. 4.6 (b)) shown in section 4.3.5 of a typical cyclic voltammogram scanned between -
600 mV and 1400 mV, under diffusion controlled conditions, with a prominent oxidation
peak for the conversion of phenol to quinone at about 200 mV, and a reduction peak of
quinone to hydro quinone at about -200 mV. The re-oxidation of hydro quinone to
quinone could not be observed because of mass transfer limitations.
However, as the rotation speed was increased during the RDE experiments, the oxidation
peak of phenol observed at 200 mV became separated (see Fig. 7.1 (b)). The splitting of
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the oxidation peak is also observed in a Levich plot (Fig. 7.4) where hm is plotted against
the w 1/2. The splitting of the oxidation peak is attributed to the multiple electron transfer
responsible for the conversion of phenol to quinone. The first oxidation peak was
observed at -100 mV and the second one at 200 mV. It is thought that this split signifies
the initial electron oxidation of phenol, followed by a two-electron oxidation of the
product to form benzoquinone.
(7.3)
The height of the first and the second peaks is in a ratio of 1:2, supporting this hypothesis
(see equation 7.3). At rest or low rotation speed, this is not seen. The separation of the
oxidation peak of phenol for the SnlRu/Ir system could only be observed at higher
rotation speeds of about 300 rpm or more.
(b) Discussion of the oxidation of phenol at the Ta/Ir system using RDE
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Fig.7.2: RDE voltammograms of phenol at Ta/Ir oxide electrode (a) under
diffusion controlled conditions and (b) at a rotation speed of 1000 rpm.
Fig. 7.2 shows the RDE curves for the Ta/Ir system at both the low and high rotation
speed. At low rotation speed the three distinctive peaks are observed at -100, 200, 300
and 450 mV in Fig. 7.2 (a). These peaks indicated the three distinctive processes that
could be attributed to the formation of namely, the oxidation of phenol to phenoxy
radical, phenoxy radical to quinone and quinone to hydroquinone. The RDE results
observed during the diffusion-controlled conditions differ from the results obtained from
cyclic voltammetry (Fig. 5.6 (a)) of this particular system. The cyclic voltammogram of
this system showed the oxidation of phenol at the oxidation potential of -200 mV. The
other peak that was observed at the potential of ~-200 mV was due to the hydrogen gas
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evolved. No peak was observed at -300 mV as indicated by the RDE curve at low
rotation speed.
As the speed of the rotating disk electrode increased, only two peaks were observed at the
oxidation potential of -200 and 450 mV. The peaks labeled (a) and (b) observed in Fig.
7.2 (a) were merged. This observation was attributed to the disappearance of the phenoxy
radical and the oxidation of phenol to benzoquinone and the oxidation of benzoquinone
to hydroquinone. The Levich plot (Fig. 7.5) of this particular system supported the
obtained RDE curves by showing two straight lines that converged as a function of the
square root of the rotation speed. This observation was attributed to the hydrogen gas
interference observed in cyclic voltammogram of this system.
(c) Discussion of the oxidation of phenol at the Rh/Ir system using RDE
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Fig.7.3: RDE voltammograms of phenol at Rhllr oxide electrode (a) under
diffusion controlled conditions and (b) at a rotation speed of 1000 rpm.
Fig. 7.3 shows the RDE curves for the RhlIr system at both the low and high rotation
speed. The cyclic voltammogram (Fig. 6.6) and RDE curves showed that the oxidation of
phenol for this system was also observed at ~200 mV. The peak did not split or merge as
the speed of the rotating disk electrode increased, but the decrease in the kinetic current
was observed (Fig. 7.6). The RDE results are also in agreement with the Levich plot of
this particular system. The cyclic voltammogram showed a peak of the hydrogen gas
evolution at a potential of about ~ -200 mV. The decrease in the kinetic current is
attributed to the hydrogen gas interference.
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The metal oxides electrodes exhibited irreversible behaviour towards multi-electron
processes, and the hydro quinone/quinone couple was no exception [6]. The behaviour of
the electrodes Ti/Sn02-Ru02-Ir02, Ti/Ta20s-Ir02 and Ti/RhOx-Ir02 towards 3 mM
phenol oxidation is shown in Figures 7.4 - 7.6. These electrodes reached limiting currents
for phenol at ~200 mV. The limiting current, llim, arising from convective-diffusive flux
induced by a rotating disk electrode has a square root dependence on the rotation
frequency w, as given by Levich equation [6.1]:
(7.1)
where v is the kinematic viscosity of the aqueous solution, A is the electrode area and n,
the number of electrons transferred, D is the diffusion coefficient and C is the
concentration of the electroactive species. Figures 7.4 - 7.6 show the plots of the hm
values obtained against wY,.
The current-potential characteristics of a redox reaction can thus be measured in the
following way: an over-potential Tl is applied, and the current is measured for various
rotation rates w. From the Levich plot the corresponding kinetic current jk (Tl) is
extrapolated, as shown in Figures 7.4 - 7.6.
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Levich plot for the phenol reaction at Ta/Ir-oxide electrode.
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Fig.7.6 Levich plot for the phenol reaction at RhlIr -oxide electrode.
The first and the second peaks shown in the graph represent the oxidation peaks of
phenol formed as a function of the rotation speed. For the SnlRu/lr system (Fig. 7.4),
initially diffusion is the rate-limiting step. One broad peak is observed when mass
transfer is only diffusion controlled. When the rotation speed increases, then the rate of
mass transfer becomes fast. The broad peak splits into two as a function of rotation speed.
The split of the two broad peaks is due to the two electron transfer that takes place during
the phenol oxidation process. The Ilim of these peaks increased with an increase in the
rotation speed.
This is an extrapolation to infinitely fast mass transport for which surface and bulk
concentrations would be equal, and the measured current, J would equal the kinetic
current, jk.
For the Ta/Ir system, the two peaks were observed during diffusion and convection. The
hm increased with an increase in the rotation speed. For the Rhllr system, only one peak
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was observed. The Ilim decreased with an increase in the rotation speed. This indicated
that adsorption of the phenol compounds took place on the electrode. This adsorption
tended to retard the oxidation process taking place. The Rh/lr system was prone to
adsorption because it had a tendency to form complexes with by-products of phenol.
According to the literature reports [17] Rh can easily bond to the strong bases, like
phospho and nitro-compounds, and also to the oxy-compounds, for example:
6-hydroxy, tri-phenyl Rhodium (III) complex
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7.4 Conclusions
RDE studies showed how precious metal oxide electrodes have their ability to oxidize
phenol to less harmful compounds. Rotating disk electrochemistry is a hydrodynamic
technique that provided a variable improvement of mass transfer for this reaction. It was
found that the reaction of phenol taking place on the electrode depended on the mass
transfer rate, ie. the rotation speed of the electrode. Results of RDE experiments showed
the various electron transfer processes that are involved in the oxidation of phenol. The
one broad oxidation peak for the Sn/Ru/Ir system, observed during diffusion-controlled
experiments was split into two in the ratio of 1:2 at a rotation speed of 300 rpm or more.
The split signified an initial one-electron oxidation of phenol, followed by a two-electron
oxidation of the formed benzoquinone.
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8 Degradation of phenol by bulk electrolysis in a batchsystem using metal oxides electrodes
Summary
Phenol is often found in industrial wastewater and is considered a hazardous pollutant.
Hence, a systematic study of phenol degradation by the prepared mixed metal oxide
electrodes was carried out. Fundamental kinetic data were obtained for the conversion of
phenol. The degradation of phenol in aqueous solution and its by-products were
investigated by bulk electrolysis and HPLC. Bulk electrolysis experiments were
performed at a constant potential of 1500 mV. During electrolysis, phenol was converted
to benzoquinone / hydroquinone, which were further oxidized to various carboxylic acids.
8.1 Introduction
Electrochemical oxidation opens up new ways of treating organic compounds. Phenol is
considered to be an intermediate product in the oxidation pathway of higher molecular
weight aromatic hydrocarbons, thus it is often used as a model compound for advanced
wastewater treatments [1, 2]. Several researchers [1-5] have worked on the
electrochemical destruction of phenolic wastes, but to date it has not been considered to
be commercially viable because of a low phenol reaction rate and/or low removal and
destruction efficiency. Others encountered problems of electrode fouling, which also
reduced the efficiency of the process [6]. One way in which these problems can be
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overcome is to use alloyed electrodes, also labeled promoters, such as Ru, Sn, or Ti with
Pt [4]. Cornninellis at al. [6] have developed an electrochemical reactor using Ti/Ir02 and
Ti/Sn02 anodes, which allowed the complete mineralization of phenol and/or
benzoquinone.
Generally, the electrochemical oxidation of an organic compound in aqueous solution
results from a transfer reaction of one or more oxygen atoms. It is often assumed that the
first step of oxygen transfer is the water molecule discharge at one electron, leading to the
formation of a hydroxyl radical OH* adsorbed on an active site of the anode surface. The
second step is an electrophilic attack of the hydroxyl radical on the organic compound
transported from the bulk of the solution. However, on classical anode materials (Au, Pt,
C), the oxygen transfer reactions are slow and characterized by low Faradaic yields due
to the formation of molecular oxygen. Thus to oxidize an organic compound in an
aqueous solution, an anode material with a high oxygen over-potential should be used.
Among the materials that meet these criteria are Sn02, lr02, and Ru02 [7].
Sn, Ru, Ir and Ta-oxides were therefore used to study the feasibility of an electrochemical
treatment method.
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8.2 Aims
The main aim of this work was first, to study the decomposition of phenol to less harmful
products or the total breakdown to carbon dioxide and water at metal oxides electrodes;
and secondly, to identify phenol and its broken down components. HPLC was used to
follow the decomposition or conversion of phenol and the formation of its by-products.
8.3 Experimental
The experimental procedure for the experiments is outlined in Chapter 3.
8.4 Results and discussion
8.4.1 Phenol determination
The bulk electrolysis experiments were carried out to monitor the performance of the
electrode on the degradation of phenol by varying the concentration of the phenol
samples. It was therefore easy to point out the effect of concentration on the degradation
of phenol as a function of time. The lower the phenol concentration the slower is its
degradation. This is because there are competing reactions such as H20 oxidation taking
place, lowering the degradation efficiency of phenol. Decreasing the phenol
concentration led to lower energy consumption and therefore less time was required to
degrade phenol in solution. Results of HPLC analysis and PDA show that during the
oxidation of phenol (Amax= 254 nm and 270 nm) some intermediate compounds are being
formed: hydroquinone (Amax = 220 nm and 290 nm), benzoquinone (Amax = 270 nm) and
catechol (Amax = 290 nm) (Fig. 8.1). The identification of the indicated intermediate
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compounds was achieved by comparing PDA spectra of the model mixture of phenol,
hydroquinone, benzoquinone and catechol.
i .ne 1.5D s nn ~.5(J :lnCl 3...5iD 4-.l:II:J 4.5IJ
Time (min)
Fig.S.l: HPLC chromatogram showing phenol and its aromatic by-products.
During the HPLC analysis, phenol yielded intermediate ring compounds such as catechol,
hydroquinone, p-benzoquinone and acids such as malonic, malic and oxalic. Figures 8.2
to 8.4 show how the aromatic ring intermediate compounds and the organic acids were
formed and oxidized.
The Sn/Ru/Ir system showed that as phenol gets degraded with time, the aromatic
compounds are formed at 2 hours, with a simultaneous formation of carboxylic acids at
lower concentrations compared to aromatic compounds. The concentration of the
aromatic compounds increased and reached a maximum after 4 hours. It then decreased
with time and the concentration of the carboxylic acids increased and reached a
maximum height at 5 hours and then decreased with time.
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The breakdown of phenol into its by-products during electrolysis using
Rh/Ir system as determined by HPLC and PDA.
The Ta/Ir system showed that phenol concentration decreased with time after 1 hour with
the simultaneous formation of aromatic compounds at low concentrations. The
concentration of the aromatic compounds increased with time with the formation of the
carboxylic acids after 2 hours. Both the aromatic compounds and the carboxylic acids
reached their maxima at 4 hours, but the concentration of the aromatic compounds
decreased drastically afterwards and reached a constant concentration after 6 hours.
The Rh/Ir system showed that as phenol degrades, the aromatic compounds are formed at
2 hours. The concentration of the aromatic compounds increased with time and reached a
maximum at 5 hours with a simultaneous formation of carboxylic acids at low
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concentrations, about 1.5 x 10-5 M. The concentration of the carboxylic acids increased
and reached a maximum at 7 hours then decreased with time.
Figures 8.2 to 8.4 show the degradation curves at the different metal oxide electrodes.
Catechol, hydroquinone and benzoquinone amounts increased initially as phenol was
oxidized. However, not all (total) phenol concentration was oxidized, about 2.5 x 10-5 M
was still left in solution unoxidized. This could be attributed to the adsorption of the
phenol by-products on the prepared coatings during the electrolysis process. The aromatic
products formed were also subject to oxidation hence their concentration began to
decrease with time, as new carboxylic by-products were formed. The concentration of
malic acid, malonic and oxalic acid built up slowly and began to decrease after some
time. These surfaces demonstrated the capabilities of oxidizing oxalic acid at a potential
of 180 mV (see Fig. 8.6). The total organic carbon (TOC) content was however not
measured. The redox behaviour of oxalic acid is shown in Fig. 8.6. It shows that oxalic
acid is active on the metal oxide surface within the potential range 600 to -600 mV. It is
thus not inconceivable that oxalic acid is oxidized once it is formed as a by-product of the
phenol oxidation.
8.4.2 Organic acids determination
The statutory method for the determination of oxalic acid, malonic acid and malic acid is
ion exchange chromatography. The disadvantages associated with using this method are
the use of a strongly cation exchanger which has a lower exchange capacity, the long
time required for equilibrium to be reached, separation and re-equilibrium. Reverse phase
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HPLC has become more popular for analysing certain mixtures of organic acids because
of its simplicity, rapidity and stability of the method [8-10].
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Fig.8.5: HPLC chromatogram for the carboxylic acids formed as by-products of
phenol oxidation.
According to Shui et. al. [11], oxalic acid has a tendency of appearing before the eluent
not only because of its lack of hydrophobic groups but also due to its dissociation at pH
2.10 - 2.15. Phosphoric and sulphuric acids are the most commonly used ion-
suppressants for the determination of organic acids on the C18 column by the reversed
phase HPLC [12].
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Fig.8.6: Cyclic voltammogram of oxalic acid at the Ti/Sn02-Ru02-Ir02 electrode.
Fig. 8.5 shows the carboxylic acids as by-products of phenol degradation. The first
(unmarked) peak is the injection peak. Results from this investigation showed that using
phosphoric acid as an ion suppressant, oxalic acid elutes immediately after the injection
peak when the pH is 2.1.
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8.5 Proposed pathway of the electrochemical oxidation of phenol
The mechanism of electrochemical oxidation of phenol has been studied by various
researchers [1, 3, 5, 13-15]. It is generally known that phenol oxidation starts with one
electron transfer, leading to a phenoxy radical reaction. It is further known that some
possible reactions of phenoxy radical relate to radial-radial coupling, radial
disproportionation, radial elimination or radial oxidation to cation, and then followed by
benzoquinone formation [13]. It is possible that intermediate species in aqueous phenol
solution are formed before the detection of benzoquinone and are not detected because of
their instability.
Most researchers believe that benzoquinone/hydroquinone is an important intermediate,
and that the benzoquinone degrades to form various carboxylic acids [16-18]. Different
researchers have proposed the formations of various carboxylic acids under various
experimental conditions [19-22]. The process of carboxylic acid degradation was more
complicated than benzoquinone formation. There are several suggested mechanisms for
benzoquinone degradation. If benzoquinone is absorbed onto the electrode surface and
gives an electron, an adsorbed OH radical will attack the benzoquinone. When this
process repeats itself at the para position, the aromatic ring could be opened, resulting in
the formation of malic or maleic acid and other small organic acids, such as oxalic and
malonic acids. In this work it has been found that the intermediate malic acid was
reduced to malonic, acetic, oxalic and formic acids by anode oxidation.
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Different reaction pathways for phenol were observed for different metal oxides thin
coated films. These pathways are supported by the HPLC studies referred to earlier in the
chapter.
1. The Sn /Ru /Ir system
In basic medium
Phenol ---lI>- Hydroquinone/Benzoquinone -----+- Malic acid ---lI>- Malonic ___.,.Acetic _. Oxalic
+ acid acid acid
Catechol;
In acidic medium
Phenol ---lI>- Hydroquinone/Benzoquinone -----+- Malic acid ---+ Oxalic.
acid
In neutral medium
Phenol ---lI>- HydroquinonelBenzoquifilone -----+- Mal'ic acijd---ll>- ,Malonic ___.,.Oxalic.
.acid acid
2. The Ta /Ir system
In basic medium
Phenol---+ HydroquinonelBenzoquinone -----+- Malic acid---ll>-,Malonic --+ Oxalic
+ .acid acid
Catechol
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In acidic medium
Phenol -..- HydroquinonelBenzoquinone ____..Malic acid --+ Oxalic
acid
In neutral medium
Phenol----+- HydroquinonelBenzoquinone ____.Malic acid-"- ,Malonic --+ Oxalic
... acid acid
Catechol l
Forrnicacid
3. The Rh IIr system
In basic medium
Phenol ----+- HydroquinoneIBenzoquinone ____..Malic acid -..-,MaJonic --+ Oxalic
+ .acid acid
Catechol
In acidic medium
Phenol----+- HydroquinonelBenzoquinone ____..Malic acid -..- Oxa'lic
+ add
Catechol
In neutral medium
Phenoll----+- Hydroquinolll,efBenzoquinone ____..Ma'lic acid -..- Malonic --+ Oxalic
+ acid acid
Catechol
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8.6 Kinetic studies
The activities of the catalytic systems were evaluated both on the basis of phenol removal
efficiency, as well as the rate constants (k) (hour") determined in accordance with the
kinetic equation of the first order reactions.
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The plot of In (Co/C) as a function of time using different pH media for
the Sn/Rullr system, where C is the final and Co is the initial
concentration.
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____ Base
____ Neutral
____ Acid
: : : : -:
2 4 6 8 10
Time (h)
The plot of In (Co/C) as a function of time using different pH media for
TalIr system, where C is the final and Co is the initial concentration.
___ Acid
___.._ Neutral
2 104 6 8
Time (h)
The plot of In (Co/C) as a function of time using different pH media for
the Rh/Ir system, where C is the final and Co is the initial concentration.
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Results of the kinetic investigations to the oxidation of phenol at various metal oxide
electrodes are represented in Figures 8.7 to 8.9. The plots of In (Co/C) versus time
represent a straight line for the studied samples. On this basis, it may be assumed that the
catalytic oxidation of phenol using Ti/Sn-Ru-Ir oxide electrodes proceeds in accordance
with the pseudo-first order kinetics with respect to the phenol concentration [18, 23-29].
The slopes of these curves upon linear regression are equal to the first order rate
constants and the estimated values of constants are represented in Table 8.1.
Table 8.1: The % of removal! conversion and rate constants of the phenol oxidation
process on the studied films/surfaces at various pHs.
Type of electrodes pH values Phenol removal Rate constants (kib)
efficiency (%)
Sn/Ru/Ir oxide 2 99 0.0101
7 99 0.0266
12 99.2 0.0322
Ta/Ir 2 98.8 0.0145
7 98.6 0.0856
12 98.9 0.0226
Rh/lr 2 99.1 0.0202
7 99.1 0.0244
12 99.3 0.0870
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The influences of pH and the initial phenol concentration on the oxidation of phenol were
investigated. Highest rates of oxidations were achieved at pH 12. The transfer of the
oxygen atom occurred through the intermediary of hydroxyl radicals adsorbed on the
active sites of the anode.
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8.7 Conclusions
The metal oxide materials used in this project are good electronic conductors at anode
potentials. They also have high surface roughness and some internal porosity, which is
equivalent to a large number of electro-active sites; hence, these oxides exhibit a high
electro-catalytic activity for the oxygen evolution per geometrical oxide. This is reflected
in the results, indicating the performance of these oxides towards phenol removal
efficiency.
Electrochemical oxidation using these electrodes was successfully used for treating
aqueous phenol solutions. The pathways of the electrochemical oxidation of phenol were
proposed for different metal oxide electrodes prepared. An almost total mineralization
was obtained. HPLC results showed that phenol yielded intermediate ring compounds
such as hydroquinone, benzoquinone, catechol and carboxylic acids such as malic,
malonic, acetic, oxalic and formic. Kinetic studies of these metal oxide electrodes were
also investigated. The removal or conversion efficiency of the phenol oxidation was
found to be more that 90%.
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9 Conclusions and Recommendations for FurtherStudies
DSA-type electrodes, made with titanium as base metal and coated with platinum group
metal catalysts are well known and widely used as anodes. The focus of this study was to
consider the preparation, characterization and electrochemical evaluation of transition
metal oxides because of their ability to influence oxidation/reduction reactions. The sol-
gel method was used to manufacture mixed-oxide films on metallic substrates in a
controlled manner and to eliminate the presence of residual chloride.
The following metal oxide surfaces were prepared: Ti/Sn02-Ru02-Ir02, Ti/Ta20s-Ir02
and Ti/RhOx-Ir02. The characterization of the mixed-metal oxide films developed was
performed by means of several complementary analytical methods, both surface and bulk
sensitive. These included SEM, AFM, EDX, XRD, RBS, PIXE and electrochemical
measurements such as CV, RDE and bulk electrolysis. The most important results can be
summarized in conclusion as follows:
../ According to SEM micrographs, all oxide layers exhibited a rough and porous
morphology, showing a large active surface area. This was influenced by the
calcination temperature. The film thickness corresponding to a given loading
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supplied important indirect information on the porosity of the films. All the films
prepared had a thickness of about 2 /lm .
./ XRD studies have shown that the metal oxides films formed crystalline phases.
The dispersed rutile phases found in the Ir02 - Ta20s films resembled the solid
solutions formed. The high stability of this binary mixture was attributed to the
formation of !r02-based solid solution with a tantalum component. The
electrochemical active surface area increased when the Ta20s was added to the
pure Ir02. Therefore, this type of electrode exhibited high electrocatalysis activity
for 02 evolution .
./ Cyclic voltammetry, as determined by the activity of the catalytic film towards
combustion, was indicated by the presence/appearance of the oxidation and
reduction peaks of phenol. The cyclic voltammograms showed a quasi-reversible
behaviour. The voltammogram for Sn02-Ru02-Ir02 film indicated a
decomposition potential of 200 mV vs Ag!AgCl.
./ RDE was used to examine the various stages of oxidation of model orgamc
compound phenol and the relative efficiency of different thin films materials to
the kinetic steps involved in the conversion of phenol to carboxylic acids. RDE
improved mass transfer for this reaction. The dependence of the reaction taking
place on the electrode rotation speed was observed. The kinetic studies were
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found to proceed in accordance with the pseudo-first order kinetics with respect to
phenol concentration.
Bulk electrolysis was used to electro-oxidize phenol at a constant potential of 1500 mV.
HPLC was used to monitor the breakdown of phenol. Phenol was found to be
electrochemically degraded on the TilSn02-Ru02-Ir02, Ti/Ta20s-Ir02 and TilRhO,,-Ir02
electrode surfaces at a potential less than 1000 mV. Pathways of electrochemical
degradation of phenol were suggested, which included the formation of benzoquinone
and further oxidation of benzoquinone to various carboxylic acids.
Shortcomings and Recommendations
Surface experimental techniques that provide information on the atomic structure and
composition of surfaces, often present limitations in their ability to directly probe
structure-reactivity relationship due to the variety of coordination sites present on the
surfaces. The surface structure of bulk transition metal oxides can be envisioned as a
collection of clusters of varying sizes and structures. Hence in order to address these
concerns the following approaches and techniques are recommended.
);> As a complementary approach, the difficulty presented by surface in-homogeneity
in understanding surface-reactivity relationships can be overcome by examining
the reactivity of gas-phase transition metal oxide clusters; such a study needs to
be undertaken.
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» Use of a continuous flow-through tubular reactor is recommended to further
investigate the stability of the films so that the efficiencies of these oxides in
terms of the oxidation of phenols can be examined more fully.
» The developed films need to be tested with actual wastewater samples to evaluate
the potential of this technique for the treatment of effluent streams in actual
industrial settings.
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